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ABSTRACT 
 The use of agricultural machinery was quantified for the production of corn and 
soybeans. The energy usage patterns of agricultural machinery were analyzed and compared 
across four regions including Illinois in the United States, Mato Grosso in Brazil, Madhya 
Pradesh in India and Zambia in sub-Saharan Africa. Representative farms were set up to reflect 
the common farming practices in each region. The farm characteristics varied depending on 
location and machinery were selected to perform the required tasks in the available amount of 
time. Machinery power, time available and area cropped were used to estimate the energy usage 
per hectare. The efficiency of machine use was then quantified in terms of a mechanization 
index, energy required/available, fuel consumption and cost per hectare. The energy required 
per hectare was found to be in the range 2168 - 2732 MJ/ha for corn and 1485 – 2084 MJ/ha for 
soybeans.   
 
 
 
 
 
 
 
 
 
 
 
 iii 
 
ACKNOWLEDGMENTS 
  
I would like to thank my thesis committee, Dr. Hornbaker, Dr. Hansen, and Dr. Paulson 
for the advice and guidance they have given me over the past two years. I am grateful for the 
opportunities I have had through the University of Illinois, and the list of people I would like to 
thank is endless. I would like to thank my family and friends for supporting me during my time 
in Urbana-Champaign. My family has supported my choices all along and my friends have 
helped me every day. I am thankful to have been a part of a great program, and have had an 
incredible support system over the past two years. From faculty in the department to fellow 
students, the friends and connections I have made will last a lifetime.  
I would like to extend a special thanks to my fellow students who have spent countless 
hours working next to me in the computer lab. The smiles and humor shared in Mumford hall 
helped keep me on track throughout the program. There are far too many names to mention 
individually, but my gratitude goes out to everyone that helped me along the way. From the 
administration and support staff in ACE, to my family and friends. I am grateful to everyone who 
has helped make this a possibility.  
 
 
 
 
 
 
 iv 
 
Table of Contents 
 
Chapter 1: INTRODUCTION......................................................................................................... 1 
I. Background .......................................................................................................................... 1 
II. Motivation ............................................................................................................................ 2 
III.   Methodology ........................................................................................................................ 4 
IV.  The Model ............................................................................................................................ 5 
Chapter 2: LITERATURE REVIEW.............................................................................................. 7 
I. Research Question ............................................................................................................... 7 
II. Current Literature................................................................................................................. 8 
III.   Measurements ...................................................................................................................... 9 
Chapter 3: METHOD .................................................................................................................... 15 
I.  Introduction ....................................................................................................................... 15 
II.  Methodology ..................................................................................................................... 15 
III.   Available Working Hours .................................................................................................. 16 
IV.   Actual Working Hours ...................................................................................................... 18 
V.  Tractor and Implement Sizing .......................................................................................... 21 
VI.   Fuel Consumption ............................................................................................................. 22 
VII.  Efficiency .......................................................................................................................... 24 
VIII. Calculating Energy Use .................................................................................................... 25 
IX.    Sensitivity Analysis .......................................................................................................... 26 
Chapter 4: REGIONS ................................................................................................................... 28 
I.  Introduction ....................................................................................................................... 28 
II.  Illinois ............................................................................................................................... 29 
III.   Brazil ................................................................................................................................. 33 
IV.   India ................................................................................................................................... 37 
V.  Zambia .............................................................................................................................. 41 
Chapter 5: RESULTS AND DISCUSSION ................................................................................. 45 
I. Summary ............................................................................................................................ 45 
 v 
 
II. Mechanization Index .......................................................................................................... 45 
III.  Energy Required ................................................................................................................. 48 
IV. Energy Available ............................................................................................................... 51 
V. Fuel Consumption .............................................................................................................. 53 
VI. Machinery Costs ................................................................................................................ 55 
VII. Discussion .......................................................................................................................... 58 
Chapter 6: CONCLUSION ........................................................................................................... 61 
I. Summary ............................................................................................................................ 61 
II. Future Research ................................................................................................................. 63 
III.   Concluding Remarks ......................................................................................................... 64 
REFERENCES ............................................................................................................................. 66 
Appendix A: Model Procedure ..................................................................................................... 69 
Appendix B: Sample Calculations ................................................................................................ 70 
Appendix C: Climate Data ............................................................................................................ 75 
Appendix D: Farm Characteristics ................................................................................................ 79 
Appendix E: Energy Requirements and Efficiencies .................................................................... 83 
 
 vi 
 
List of Figures 
Figure 1: Map of the regions focusing on Illinois, Mato Grosso, Madhya Pradesh and Zambia..28 
Figure 2: Mechanization index for each region showing harvest, planting and tillage………….47 
Figure 3: Energy required for machinery operations and transport excluding fuel consumption.49 
Figure 4: Total energy required for corn production including fuel consumption………………50 
Figure 5: Total energy required for soybean production including fuel consumption…………..50 
Figure 6: Available energy for corn production…………………………………………………52 
Figure 7: Available energy for soybean production……………………………………………..52 
Figure 8: In-field fuel consumption………………………………………………………….......54 
Figure 9: Average fuel consumption in each region……………………………………………..54 
Figure 10: Dollars per hectare invested in machinery…………………………………………...56 
Figure 11: Investment in machinery by operation……………………………………………….57 
Figure 12: Historical weather patterns in Illinois………………………………………………..75 
Figure 13: Average monthly temperatures in Illinois……………………………………………75 
Figure 14: Historical weather patterns in Mato Grosso………………………………………….76 
Figure 15: Average monthly temperature in Mato Grosso………………………………………76 
Figure 16: Historical weather patterns in Madhya Pradesh……………………………………...77 
Figure 17: Average monthly temperature in Madhya Pradesh…………………………………..77 
Figure 18: Historical weather patterns in Zambia………………………………………………..78 
Figure 19: Average monthly temperatures in Zambia…………………………………………...78 
 
 
 
 
 
 vii 
 
List of Tables 
Table 1: Mega joules per hectare values from previous studies…………………………………11 
Table 2: Probability of a working day in Illinois taken from ASABE standards D497.7 (2011)..16 
Table 3: Available working hours for tillage, planting and harvest in each region……………...18 
Table 4: Average working speed and field efficiency taken from ASABE D497.7 (2011)……..19 
Table 5: List of the tractor series and power range taken from the manufacturer’s websites…...23 
Table 6: Comparison of fuel consumption numbers (l/h)………………………………………..24 
Table 7: Average fuel consumption by task and region (l/ha)…………………………………...24 
Table 8: Farm size and cropped area in Illinois………………………………………………….32 
Table 9: Machinery selected for the representative farms in Illinois…………………………….32 
Table 10: Farm size and cropped area in Brazil…………………………………………………36 
Table 11: Machinery selected for the representative farms in Brazil……………………………36 
Table 12: Farm size and cropped area in India…………………………………………………..40 
Table 13: Machinery selected for representative farms in India…………………………………40 
Table 14: Farm size and cropped area in Zambia………………………………………………..43 
Table 15: Machinery selected for the representative farms in Zambia…………………………..44 
Table 16: Mechanization index showing the normalized values for each region………………..47 
Table 17: Average energy consumption for corn production ……………………………………58 
Table 18: Average energy consumption for soybean production………………………………..58 
Table 19: NTTL Parameters are used to calculate fuel consumption ……………………………72 
Table 20: Generating the fuel consumption numbers ……………………………………………73 
Table 21: Farm characteristics in Illinois………………………………………………………...79 
Table 22: Farm characteristics in Brazil…………………………………………………………80 
Table 23: Farm characteristics in Zambia………………………………………………………..81 
Table 24: Farm characteristics in India…………………………………………………………..82 
 viii 
 
Table 25: Energy for corn production by region and farm size……………………………….....83 
Table 26: Energy for soybean production by region and farm size……………………………...84 
Table 27: Efficiencies for corn production………………………………………………………84 
Table 28: Efficiencies for soybean production…………………………………………………..85 
 1 
 
Chapter 1: INTRODUCTION 
I.  Background 
 
As World Bank estimates for the total global population approach 10 billion for the year 
2050, there is a need to increase agricultural production. In the 20
th
 century agriculture 
underwent rapid changes as farmers scrambled to keep up with the demands of a growing 
population. The invention of the tractor at the start of the century was one of the first major steps 
towards mechanization in agriculture. The transformation from human and animal powered to 
mechanized farming systems has led to increases in productivity and provided food for a 
growing population (Singh, 2005). Mechanization has not occurred everywhere but, in places 
where adoption has occurred, regional characteristics have driven how machinery is used. In 
order to understand why these differences exist this thesis compares machinery use in Brazil, 
Illinois, India and Zambia. 
Gimenez and Milan (2007) state that “Besides land, agriculture machinery represents the 
biggest investment for the farmer and its adjustment to the property size is a basic factor related 
to cost reduction. However there is a lack of information that does not make possible the analysis 
and comparison about the efficiency of these equipment’s”. By studying the use of machinery in 
Illinois, Brazil, India and Zambia this thesis aims to gain a better understanding of machinery use 
in agriculture. This thesis addresses the efficiency of machinery use in these regions, and how to 
compare regions by measuring the energy provided from machines. Will mechanization in each 
region converge to a set of common practices or will differences persist? What can be said about 
potential future trends in machinery use based on existing practices? 
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II. Motivation 
 
The 2007/08 global food crisis, which saw dramatic peaks in commodity prices, resulted 
in increased interest in farmland worldwide. This rising interest in farmland has led investors to 
seek out large tracts of land hoping to capitalize on the returns from commodities and increasing 
land prices (Deininger and Byerlee, 2012). In Illinois the percentage of farms greater than 2000 
acres has increased from 17 percent in 1997 to over 29 percent in 2007 and this trend appears to 
be continuing (NASS, 2011). This trend coupled with the apparent success of large farms in parts 
of Brazil has led authors such as Deininger and Byerlee to suggest that “[Brazil] establishing a 
vibrant agricultural sector based on much larger farms has led some countries to view the 
development of large-scale mechanized farming as the path to modernization” (Deininger and 
Byerlee, 2012). These underlying forces pushing towards greater mechanization provide the 
motivation behind this study. 
In response to the 2007/8 global food crisis institutional investors have started looking for 
ways to invest capital in farmland. As a result Deininger and Byerlee suggest that farmers of 
larger land areas have even greater access to credit and inputs such as machinery. The apparent 
success of large farms in Brazil, rising farmland values in the USA and volatility in traditional 
investments has led to an increased interest in production agriculture. Investors have started 
looking for areas where land is readily available, and this has brought attention to Sub-Saharan 
Africa. In 2009 the demand for agricultural land in Sub-Saharan Africa was 39.7 million 
hectares; this is an area 4 times larger than the total agricultural land in Illinois (Deininger and 
Byerlee, 2012). However, if large tracts of land are available the next question is how to farm 
this land? In Brazil the growth of a successful farm sector in the Center-West region has resulted 
in the growth of soybean production from 18 million metric tonnes (mmt) in 1987 to over 70 
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mmt in 2012 (USDA, 2012). This dramatic increase in production has been the result of large 
scale mechanized farming systems, where the average farm size in the center-west is over 1000 
ha and many companies operate more than 100,000 ha of cropland in the region (Deininger and 
Byerlee, 2012).  
Whether or not these large scale farms could be successful in Africa is debatable. While 
investors are looking for large tracts of land, development economists are calling for closer 
attention to the Indian model. The green revolution experienced in India and other parts of Asia 
in the 1960’s built upon much smaller farm sizes. The green revolution focused on a combination 
of high-yielding seed varieties, and the intensification of fertilizer use and irrigation to help 
small-scale producers obtain higher yields. The green revolution was heralded as a success in 
Asia but did not have as much success at reaching small-scale farmers in Latin America or 
Africa (Hayami and Ruttan, 1985). In Latin America the area cropped increased, as opposed to 
India where the focus was on the intensification of existing cropped areas. Given the size and 
diversity of Sub-Saharan Africa both models will likely find parts of Africa where they will work 
The research focused on quantifying mechanized production in each region. By 
quantifying mechanized production the level of machinery use could be compared across all four 
regions. The key objectives of the research were: 
i. Estimate the energy usage of agricultural machinery in Brazil, India, USA and 
Zambia. Separate the energy usage into components for tillage, planting, harvest and 
transport for corn and soybeans. 
ii.  Quantify machinery use in terms of a mechanization index, energy 
required/available, fuel consumption and cost per hectare.  
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iii. Compare the results across all four regions and address questions about potential 
future changes in machinery use.  
III. Methodology 
 
The comparison of different farming regions is common practice in research and 
business. For this study the model was first set up in Microsoft Excel to replicate the production 
methods of producers in Illinois. Once the Illinois model had been set up and tested, adjustments 
were made to the equipment, climatic characteristics and yields to replicate the production 
methods of producers in Brazil, India and Zambia. Studies such as the Competitive Commercial 
Agriculture for Africa (CCAA, 2009) report have compared the competitiveness of farmers in 
parts of Africa to Brazil and Thailand. However, these reports looked at the potential advantages 
from differences in input costs and costs of production. This research aims to compare the extent, 
efficiency and productivity of machinery use at the farm level. The extent of mechanization 
depends on both the internal and external factors characteristic to a region. The external factors 
that promote mechanization are the availability of large tracts of land, the rising cost of labor, 
and policies that promote the use of machinery. The internal factors that drive mechanization go 
back to the economies of scale that occur as farms grow larger. Differences in political systems, 
resources, and climate can all be cited as reasons for the success or failure of agriculture in a 
region. By making assumptions about the structure of farms in each region, the energy required 
to produce crops can be calculated and compared between regions. 
The FAO estimates that in the US there are around 271 tractors per 100 square kilometers 
of arable land. The estimates for India and Brazil are 128 and 129 respectively, while Zambia is 
far behind with only 32 tractors per 100 square kilometers (FAO, 2013). These numbers reflect 
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the level of development of each region but can be misleading because they do not consider the 
actual machinery use. In order to compare the extent and efficiency of machinery use, a model 
was set up in Microsoft Excel to look at on-farm operations for each region.  
IV. The Model 
 
The model was set up in Excel to estimate the energy needed for tillage, planting, harvest 
and transport on representative farms in each region. The purpose of the model was to allow the 
comparison of different production systems accounting for regional differences. Accounting for 
changes in the input variables such as climate, soil types, yields and equipment the model 
determines the mega joules required per hectare (MJ/ha) to produce output. The hypothesis is 
that differences in factor endowments such as land, labor and capital will lead to differences in 
the energy requirements for each operation. For example the higher corn yields in Illinois mean 
that Illinois producers need harvesting equipment with greater capacity. By modeling the use of 
equipment and estimating the energy requirements for each operation the goal is to highlight the 
differences between the regions.   
The size of the equipment used, and the level of sophistication vary by farm and by 
region. By making assumptions about the common farming practices in each region the model 
can be used to test the hypothesis. The model measures the energy required from machinery and 
the energy available from machinery on farms. This shows a measure of the efficiency of 
machinery use. If you have a tractor with a power rating of 250 and 100 hours to plant, what 
percent of that power and time are being fully utilized? The efficiency measures can be of use for 
policy makers looking at the energy required for crop production, or investors looking to 
understand the capacity of machinery. The literature review covers the technical side of how 
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studies have measured mechanization and energy use around the world and then leads into the 
sections that show the methodology and the characteristics of each region and the representative 
farms.    
 
 
  
 7 
 
Chapter 2: LITERATURE REVIEW 
 
The literature review covers previous research on machinery operations and the 
estimation of a mechanization index. The first part of the review introduces relevant work and 
gives some background on measurement techniques. The review then progresses into the actual 
equations and methodology used by previous studies and shows their results.   
I.  Research Question 
 
The use of machinery in agriculture has been well documented. Authors such as Hayami 
and Ruttan (1985) have studied the mechanisms and driving forces behind mechanization in 
agriculture. Hayami and Ruttan (1985) state that differences in factor endowments between 
countries lead to different levels of mechanization. The topic of this thesis is to investigate and 
compare the extent of mechanization in different regions. In choosing regions that have 
differences in factor endowments the expectation is that the level of mechanization will be 
different in each region. The relative availability of land, labor, and other factor endowments all 
influence the machinery choices that operators face. 
Measuring the extent of mechanization in each region will give an estimate of where 
practices currently stand. By comparing the different regions the thesis addresses possible future 
trends in mechanization. Will farms in Brazil or Sub-Saharan Africa converge to the same level 
of mechanization as Illinois? Or is there some fixed difference derived from the relative 
availability of resources that will prevent the convergence of mechanization practices? The first 
step towards addressing these questions is a review of the literature on modeling and measuring 
mechanization.  
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II.  Current Literature 
 
This section looks at how different studies have measured mechanization and introduces 
some standard measures that are common throughout the literature. For this study the goal is to 
measure the intensity of machinery use and compare these numbers between regions. Various 
studies have focused on specific regions and have used survey data to estimate mechanization 
levels. An example of this is the study by Singh (2005) where he measures the power required in 
terms of kilowatts per hectare needed to produce crops in India. Singh further breaks down this 
measurement into the animate, electrical and mechanical portions. All of these added together 
gives the total specific power in kilowatts per hectare required to produce a given crop. In this 
study we focus on the machinery portion of the power required and not the animal or human 
portions. In Singh’s study the portion of power coming from a tractor increased from 8 percent in 
1971 to over 32 percent in 2000. Singh quantifies this change by showing the increase in 
kilowatts per hectare from 0.32 in 1971 to 1.22 in 2000. The growing increase and 
mechanization in India provided the motivation behind Singh’s study. Similarly the motivation 
behind this thesis aims at understanding the current mechanization levels in each region, to help 
understand possible future trends in machinery use. Singh concluded his study by suggesting that 
a way to improve on his results would be to include a time dimension in the measurement 
leading to kilowatt hours per hectare.  
Taking the suggestion from Singh, other studies were considered that use the kilowatt 
hours per hectare measurement. This measurement is interpreted in different ways by a range of 
studies. In a study by Olaoye and Rotimi (2010) the level of mechanization (in percent) of 
Nigerian farmers is contrasted with a productivity measurement in terms of hectares per kilowatt 
hour. Olaoye and Rotimi found that productivity was positively correlated to the amount of 
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cultivated land. The mechanization levels in their study were all below 40 percent. In this thesis 
the focus is shifted towards the intensity of mechanization after the transition has been made 
from animate or manual labor to mechanized production. In order to quantify the mechanization 
levels the amount of energy used by machinery for tillage, planting, harvest and trucking was 
calculated.  
A study by Canakci et al. (2005) takes the kilowatt hours per hectare measurement one 
step further and converts it to mega joules per hectare (1 Kilowatt-hour = 3.6 Mega joules). The 
mega joules per hectare shows the amount of energy used to produce a certain crop. By 
estimating the amount of time and power it takes to perform a given operation the mega joules 
per hectare can be calculated. Canakci et al. (2005) perform the analysis for all the inputs used to 
produce wheat, cotton, and maize, calculating input values in mega joules per hectare. Building 
upon the previous research the goal of this study is to estimate the mega joules per hectare 
number from mechanical operations.  Other studies have estimated a mega joule per hectare 
number for a variety of crops. The next section discusses the methods used by other studies and 
compares them to the method used in this paper. 
III.  Measurements 
 
 Canakci et al. (2005), Oren and Ozturk (2006) and Khambalkar et al. (2010) explain their 
calculation of a mega joule per hectare number for farms in India and Turkey. They break down 
the estimation into two parts, the machine energy input and the fuel use. In order to quantify the 
machine energy input several different methods were found in the literature. Canakci et al. 
(2005) and Oren and Ozturk (2006) estimate the machine energy input using the mass of the 
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machine, the effective field capacity, the lifespan of the machine and the production energy of 
the machine.  
   
    
   
          (1) 
Where: 
ME  = Machine energy input in MJ/hectare 
Mp  = Production energy of the machine in MJ/kg 
G  = Mass of the machine in kg 
T  = Economic life of the machine in hours 
W  = Effective field capacity in hectares/hour 
 
Using equation 1 the previous studies estimated a mega joule per hectare number for 
machine operations for several different crops. A similar method was used by Khambalkar et al. 
(2010) in their study of cropping practices in India. For each study the mechanical operations 
were broken down into their separate components. For the USA Downs and Hansen (1998) have 
compiled the energy use rates for various farm operations. Table 1 shows the information from 
Downs and Hansen (1998), Khambalkar et al. (2010) and Canacki et al. (2005). The studies were 
conducted in three different countries and show different levels of energy use in each region. 
Drawing conclusions from the previous studies, the expected energy requirements will be 
different for each region.  
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Table 1: Mega joules per hectare values from previous studies 
MJ/hectare for Operations Khambalkar et al. 
(2010) 
Canacki et al. 
(2003) 
Downs and Hansen (1998) 
  Soybeans Corn Corn Soybeans 
Autumn plowing  1,332 712 
Seed bed preparations 1179 2,788 402 
Sowing operations 258 271 208 208 
Hoeing and weeding 1114 581   
Bund making  184   
Spraying  55 39 39 
Harvesting operations 314 1,114 643 452 
Crop residue management 553    
Transportation  326   
Total (MJ/ha) 3417 6326 2004 1813 
 
Table 1 shows the possibility for variation in the total mega joules per hectare used 
depending on the crop, and operations performed. These numbers provide a benchmark for 
comparing the results. However, an alternative method was used to calculate the mega joules per 
hectare for this study. The methodology is more consistent with the work done by Gimenez and 
Milan (2006) where they calculate the kilowatts per hectare for farms in Brazil. Adding in the 
hours of operation factor suggested by Singh (2005) allows the estimation of a mega joule per 
hectare number that can be compared to the results obtained by studies such as Canacki et al. 
(2003) or Khambalkar et al (2010).  
       (
               
    
)        (2) 
Where: 
ME   = MJ/hectare for a given task 
Kilowatts  = Power required needed to perform a certain task 
Hours   = Amount of time taken to perform a given task 
Area   = Amount of cropped land that the task was performed on 
3.6   = Conversion factor that converts kW-hr to MJ 
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Singh (2005) estimated the kilowatt per hectare use in India over the period 1970-2001, 
obtaining values of 0.32 -1.22 and showing an increase in the use of power over the time period. 
While this value will be calculated before reaching the mega joule per hectare number Singh 
(2005) suggests that this number could be misleading. Singh (2005) points out that not only is a 
time dimension missing but also the quality of output and the associated cost factor of farm 
power are not reflected in the kilowatt per hectare number. The point being made is that the 
kilowatt per hectare number is not enough to explain the extent of mechanization in a region. In 
order to explain the levels of mechanization in a region the power and hours of use both need to 
be taken into account.  
Gimenez and Milan (2006) studied machinery use in Parana and Sao Paulo State in Brazil 
where they found kW/ha values between 0.46 and 0.99. The larger farms (greater than 900 ha) 
had the lower value, while the smaller farms (100-300 ha) had the higher value. These values 
show that the larger farms are spreading the use of their equipment over a larger area. Gimenez 
and Milan (2006) also give the average hours operated per year by the tractors in the range of 
668 for the smaller farms and 759 for the larger farms. Taking the kW/ha number and the hours 
worked from Gimenez and Milan’s paper (2006) the MJ/ha numbers were 2380 for the smaller 
farms and 1256 for the larger farms. Comparing these numbers to the values from Khambalkar et 
al. (2010), Canakci et al (2005) and Downs and Hansen (1998) they are closer to the numbers 
from Downs and Hansen (1998). In the study by Canakci et al. (2005) the farm size was smaller, 
with the total area for all 102 farms only 1011 hectares. Khambalkar et al. (2010) focused on 
specific operations and performed a more detailed analysis of each operation rather than general 
averages shown by Gimenez and Milan (2006). The variability in MJ/ha shown in the literature 
reflects the different characteristics of each region and different farming practices.  
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In order to account for these differences the power, time and available land need to be 
taken into account. There are two possible ways to take the power and hours into account, the 
first is to estimate the power and time required to perform a given operation. The second is to 
estimate the total available power and the total available time. By comparing the total required 
and the total available a measure of efficiency can be estimated. In order to measure the 
efficiency of machinery use for each operation the amount of energy used is divided by the 
amount of energy available to give a ratio between zero and one. The efficiency measure reflects 
the use of available time and power. The power required and the available hours for a particular 
operation were calculated from the American Society of Agricultural and Biological Engineers 
(ASABE) standards. The methods used to calculate these numbers are shown in the methodology 
section. The efficiency of machinery use gives a measure of how much of the available energy is 
being used in a specific operation. If an operator is using all of his available resources in terms of 
time and power he is regarded as more efficient. If an operator is using a tractor that is larger 
than required and not utilizing all of the power available to him he is regarded as less efficient. 
This measure is looking at only the machinery use and not the overall farm efficiency.  
                          (
                   (
  
  
)
                        (
  
  
)
)    (3) 
The model is set up to compare the efficiency of different farm equipment in order to 
address such concerns as those of Giminez and Milan (2006) about the lack of information on the 
analysis and comparison of different farm equipment. The efficiency of the equipment is 
determined by the amount of energy put in per hectare (MJ/ha), the output from the area (kg/ha) 
and the cost of the energy ($/MJ). Gimenez and Milan (2006) state in their paper that smaller 
farms in Brazil have twice the tractor power per area than larger farms. The common belief is 
that larger farms use their machinery more efficiently because they can spread the cost over a 
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larger area. The efficiency measure proposed addresses the question posed by Gimenez and 
Milan (2006) about the efficiency of machinery use. The MJ/ha measure and the efficiency 
measure allow the direct comparison of different sets of farm equipment. 
In order to estimate the MJ/ha on each farm representative farms were created. This 
method was chosen because of the lack of available data on all four regions. Other studies have 
taken the approach of creating representative farms in a region when data are not readily 
available. For example Helfand and Levine (2004) in their study in Brazil created ‘representative 
farms’ for each farm size because they lacked access to farm level data. They then used census 
data to estimate the characteristics of these farms. The Competitive Commercial Agriculture in 
Africa (CCAA, 2009) reports used a similar method to compare the competitiveness of farms in 
Sub-Saharan Africa to farms in Brazil and Thailand. In the CCAA studies the World Bank 
performed case studies in each country to estimate the costs of production and transport to 
market. An Excel template was prepared for each region and the cost to market of goods was 
used to compare countries. In a similar fashion this study created representative farms in Brazil, 
Illinois, India and Zambia. The sets of equipment on each of these representative farms were 
then used to estimate the MJ/ha values from each region. The equipment was selected based on 
assumptions shown in the methods section.  
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Chapter 3: METHOD 
I.  Introduction 
 
This section describes the underlying equations and assumptions that were used to create 
the model. The model was set up in Excel to simulate the use of machinery on different farms in 
different regions. The model used, area cropped, equipment, yields and regional characteristics 
as inputs. There was a set procedure that was followed for changing the input parameters shown 
in appendix A. The selection of the equipment depended on the timeliness of the operations and 
what was available in the region. For example in India the tractors available are generally below 
100 horsepower while in the US tractors are generally larger, some reaching over 500 
horsepower. This section of the thesis shows how the differences in machinery, farm size, 
operating window and climate are all factored into the model. The model is broken down into 
tillage, planting, harvest and trucking with the energy required for each operation being 
calculated separately and then summed to reach a final value.  
II.   Methodology 
 
The methodology for the calculation of the desired measures started with the ASABE 
standards and built upon them. The Excel model was first set up for Illinois and tested to make 
sure that the assumptions were consistent with real world observations. A number of small 
calculations were put together to build the larger model. Each section below gives an overview 
of what equations were used and any assumptions made during the process. The goal of the 
model was to accurately represent the climatic conditions, farm characteristics and operations in 
each region. This section describes how the work hours were calculated, how the equipment was 
sized and selected and how the fuel consumption is calculated.  
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III.  Available Working Hours 
 
The number of working days in any time period depends on the climate, and field 
characteristics. In order to make the best approximation of available working days for Illinois, a 
probabilistic approach was taken from the ASABE standards (D497.7, 2011). The number of 
available working hours for Illinois were calculated based on the ASABE standards which give 
the probability of having a working day in a given time period. The probabilities of a working 
day are given at both the 50 % and 90 % confidence levels shown below and taken from ASABE 
D497.7 (2011).  
Table 2: Probability of a working day in Illinois taken from ASABE standards D497.7 (2011)1  
  Available Hours  Probabilities 
Probability level %   50 % 90 %  50 % 90 % 
Mar   7 1   0.0 0.0  0 0 
Mar  21 2   0.0 0.0  0.29 0 
Apr   4 3   0.0 0.0  0.42 0.13 
Apr  18 4 1 78.9 31.9  0.47 0.19 
May   2 5 1 90.7 52.1  0.54 0.31 
May  16 6   0.0 0.0  0.61 0.34 
May  30 7   0.0 0.0  0.63 0.4 
June 13 8   0.0 0.0  0.66 0.41 
Total   169.6 84    
 
The probabilities from table 2 are averages for a biweekly period, so a probability of 0.29 
implies that 0.29*12 working days in a two week period equals 3.5 available working days. 
Assuming a 14 hour workday and a planting period for corn from April 4 th to May 16 th 
(NASS, 2013) we would find 169.6 and 84 hours available for planting corn at the 50 and 90 
                                                          
1
 Assuming in any two week period 12 days are worked out of 14 and 2 days are taken off. 
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percent probability levels. The planting and harvest dates were set based on historical norms, 
taken from the National agricultural statistics service for Illinois (2013).  
For the other three regions there is a lack of information. The ASABE standards do not 
contain any probabilities for Brazil, India and Zambia. In order to stay consistent the same 
approach used with Illinois was repeated for these three regions. The average historical rainfall 
amounts and number of days with rainfall in a month were collected for each region. For 
example in the month of February in Brazil, there is on average 208 mm of rainfall spread over 
12 days (World Weather, 2013). Dependent on the soil types in Brazil the assumption was made 
that it takes 1.5 days after a rain event before the field can be worked. This means that on 
average 18 days (12*1.5) in February will be too wet to work the field. This gives a probability 
of 0.36 (10/28) of having a working day in February in Brazil.  
There is variability in weather patterns and soil types within a region but these initial 
assumptions allow the estimation of the available working hours. The weather patterns and soil 
types are explained in more detail in the regions section. In Illinois farmers have to wait for the 
soils to dry out and warm up in the spring, while in India and Zambia the soils start off dry and 
farmers have to wait for the first rainfall before they begin planting. These differences are 
captured in the model by estimating the average historical rainfall and most common soil types 
in each region and making adjustments to account for differences.  The total available working 
hours for tillage, planting and harvest are shown in table 3. Appendix C shows the climate data 
for each region, showing the average monthly precipitation, the number of days with rainfall and 
the average monthly temperatures for each region (World Weather, 2013 and NOAA, 2013).  
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Table 3: Available working hours for tillage, planting and harvest in each region  
  
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Tillage                         
India   362         
Zambia         451    
Illinois    239     169   
Brazil               561     
             
Planting                         
India     261       
Zambia           318 
Illinois    263        
Brazil 226 (corn)             376 (soybeans) 
             
Harvest                         
India         381   
Zambia    526         
Illinois         289   
Brazil 335 (soybeans)     444 (corn)       
 
IV. Actual Working Hours 
 
The actual working hours represents the amount of time needed to complete a given task. 
The method to calculate the actual working hours is taken from the ASABE standards. The field 
speed, implement width and the in-field efficiency are used to calculate the effective field 
capacity. Certain assumptions were made about field speed and efficiency with an average field 
speed being set for all regions, and efficiencies changing depending on location and operation. 
The field speed and efficiency are shown in table 4, with the efficiency varying by operation. 
The efficiency considered was the in-field efficiency and did not take into account potential 
differences in the field size and contiguity of the land farmed. Equation 4 was used to calculate 
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the time it would take for planting, harvest and tillage based on the implements being used. This 
provides an acre (hectare) per hour number, for example a 16 row planter would work at 20 acres 
per hour (8.1 ha/h) while an 8 row planter would work 10 acres per hour (4 ha/h). Knowing the  
area to be worked allows the total working hours to be calculated.  
   
    
 
            (4) 
Where: 
Ca  = Area capacity acres/h or ha/h 
s = Field speed, miles/h or km/h 
w  = Implement working width, ft. or m 
Ef  = Field efficiency, decimal 
k = constant conversion factor, 8.25 for English u nits and 10 for metric units 
 
Table 4: Average working speed and field efficiency taken from ASABE D497.7 (2011) 
 Speed mph (km/h) Efficiency 
 Corn Soybeans Corn Soybeans 
Planting 5.5 (8.8) 5 (8) 0.75 0.7 
    
 Disk Field Cultivator  
Tillage 5.5 (8.8) 5 (8) 0.85 
   With Grain Cart Without Grain Cart 
Harvest Variable with a max of 6.5 (10.4) 0.90 0.75 
 
 For tillage and planting the speed is set between 5.5 (8.8 km/h) and 5 (8km/h) miles per 
hour. These speeds are the midpoint of the ASABE standard recommended operating speeds. For 
harvest the speed is determined by the yield and size of the machine being operated. In areas of 
higher yield the machine would need to go slower. Shown in equation 5 the coefficient (C) is a 
term estimated to represent the bushels/HP-h (t/kW-h) harvested by the combine.  This number 
was estimated to be 7.75 (0.26 t/kW-h) for corn and 3(0.11 t/kW-h) for soybeans (Hornbaker, 
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2002)
2
. Using these values the speed with which the combine would be travelling was calculated. 
A maximum speed of 6.5 mph (10.4 km/h) was set as the upper limit and the working hours for 
harvest were calculated  
      
     
   
          (5) 
Where: 
 
P  = Rated power of the combine in HP or kW 
W = Width of the header in ft. or m 
Y  = Yield in bu/ac or T/ha 
C = Bushels/HP-h or T/kW-h (flow rate) 
k  = constant conversion factor, 8.25 for English u nits and 10 for metric units 
 
With the use of equation 4 and 5 and the assumptions made in table 4 the working hours 
for harvest, planting and tillage could be calculated. The working hours for the grain cart were 
assumed to be the same as the working hours for harvest. For trucking the average distance 
traveled transporting the grain and average travel speed were used to calculate the hours worked.  
For Brazil this distance was 175 miles, for Zambia 75 miles, for India 40 miles and the 
assumption for Illinois was 12 miles. These distances for Brazil, Zambia and India are taken 
from the CCAA methodology reports (2009) and are estimates of the travelling time to a city of 
5000 inhabitants or more. For Illinois the value reflects the higher level of infrastructure 
development and there could be variation depending on the farm location. The possible variation 
in distance to market would vary from farm to farm, which made selecting the average distances 
challenging. The distance travelled to market is an assumption that further research could 
improve upon. Having set the major assumptions the working hours could then be compared 
with the number of available hours to ensure the operations had enough time to be completed.  
                                                          
2
 This data is currently unpublished  
 21 
 
V. Tractor and Implement Sizing 
 
Knowing the number of available working hours and the actual working hours, 
equipment needs to be selected that could perform the required task. The ASABE has established 
standards for calculating the horsepower requirement for a given field operation. Given an 
implement that will complete the task in time, a tractor was selected that has enough power to 
pull the implement at the desired speed. 
Using the procedure found in ASABE D497.7 the required power was calculated from 
the draft and motion resistance. For planting, the total power required was calculated as the sum 
of the power needed to pull the row units through the soil (draft force), and the power needed to 
overcome the motion resistance of the tractor and the planter. For the grain cart the power 
required was the sum of the power needed to overcome the motion resistance of the tractor and 
grain cart when full or empty. By calculating the power required to perform a given task, a 
tractor could be selected that had the required amount of power to perform the given task. 
Using the ASABE standards the spreadsheet was set up to predict the power requirement 
for a specific field operation. To find the maximum power needed to pull an implement, the 
horsepower required was calculated when the tractor was travelling uphill without slowing 
down. The draft force and motion resistance were calculated and summed to determine the total 
force needed to pull the implement. Taking into account the speed and tractive efficiency of the 
tractor a PTO horsepower value could be calculated from the force. The force needed would vary 
depending on the slope, weight of the planter and tractor, and implement being used. 
For example, corn planted at 5.5 mph (8.8 km/h), with a 40 foot (12.2 m) planter, full of 
seed, on a slope of four percent required 198 Hp (148 kW). The same planter traveling at 5.5 
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mph (8.8 km/h) on a zero percent slope, half full of seed required 152 Hp (113 kW). This means 
a tractor needs to be selected with at least 198 Hp (148 kW), but on average only152 Hp (113 
kW) is used. Appendix B contains a sample calculation. This selection process means that 
tractors are selected that can complete the required task in the given amount of time.  
The grain cart was set up in a similar way. The tractor was selected that could pull the 
grain cart when it was full. The power requirement was calculated for when the grain cart was 
full or empty. The assumption was then made that the grain cart would be full 40 % of the time 
and empty 60 % of the time and average power used was calculated as a weighted average. The 
importance of having both the maximum power required and the average power used is shown in 
the next step where the fuel consumption was calculated for a given operation.  
VI.  Fuel Consumption 
 
In order to predict the fuel consumption of the tractors data were collected from the 
Nebraska tractor test lab (NTTL, 2013). The Nebraska tractor test lab provides test data, 
including fuel consumption at varying power and loads for all tractors manufactured in the USA. 
Their fuel consumption data were combined with work performed by Grisso et al. (2010) to 
estimate a regression model to predict fuel consumption in tractors. The tractors were grouped 
into series that have the same engine type, for example the Magnum 180-225 range all have a 6 
cylinder, 6.7 L engine, whereas the Magnum 235-340 range all have a 6 cylinder, 8.7 L engine. 
Regressions were run for each tractor series to generate coefficients specific to each series. The 
tractor series that the fuel consumption characteristics were calculated for are shown in the table 
5. 
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The model took the form: 
                 (
   
  
)    (
     
     
)    (
    
    
)                           (6) 
Where: 
HPavg    =   Average horsepower used for a given field operation 
HPpto    =   Rated PTO Horsepower 
RPMr   =   RPM at reduced throttle 
RPMf   =   RPM at full throttle 
 
Table 5: List of the tractor series and power range taken from the manufacturer’s websites 
 Horsepower Range Price Range 
Case JX series 70-95 $ 26,000 - $ 36,600 
Case Maxxum  110-140 $ 85,000 - $ 100,000 
Case Puma 130-185 $ 123,000 - $ 160,000 
Case Magnum 180-225 $ 180,000 - $ 200,000 
Case Magnum 225-340 $ 215,000 – $ 285,000 
John Deere 8000 series 235-360 $ 200,000 -$ 320,000 
John Deere 9000 series 360-560 $ 250,000 – $ 380,000 
Case Steiger 350-600 $ 275,000 – $ 410,000 
 
After the regression model had been run the predicted values were compared to the actual 
values from the NTTL data. The average percent error was 5-10 percent depending on the tractor 
and operation, in terms of gal/h (l/h) the average error was between 0.4-0.8 gal/h (1.5-3 l/h). The 
results show that on average the expected fuel consumption predictions were within 10 percent 
of the actual fuel consumption. Comparing the predicted values to the measured values from the 
NTTL data, the correlation value is 0.98. The comparison of the predicted fuel consumption to 
the NTTL data and the predictions by other models are shown in table 6. For the Case Magnum 
335 tractor the actual (NTTL data) and predicted fuel consumption numbers are shown. Running 
a t-test to check for statistical differences between the two samples, the two sample means were 
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not statistically different at the ninety five percent level. A sample calculation is shown in 
appendix B. 
The fuel consumption estimates were calculated for each operation, and the averages are 
shown in table 7. The average fuel consumption numbers for tillage, planting and harvest were 
compared against values obtained from the Illinois FBFM association (FBFM, 2006). The values 
for planting were higher, while the values for harvest were lower than the FBFM averages. The 
values varied across the four regions with fuel consumption on a per area basis lower in Zambia 
and India. This difference was attributed to the lower yields in Zambia and India.   
Table 6: Comparison of fuel consumption numbers (l/h) 
Case Magnum 335 NTTL (2013) 
 
Grisso et al. 
(2010)  
The models estimates 
 
75 % load full throttle 60.5 62.2 61.4 
50 % load full throttle 50.2 52.7 50.4 
75 % load reduced throttle 49.9 51.1 48.3 
50 % load reduced throttle 38.6 40.3 38.7 
 
Table 7: Average fuel consumption by task and region (l/ha) 
 FBFM (2006) Illinois  Brazil  India  Zambia  
Tillage 10.3 11.6 11.0 8.7 8.3 
Planting 4.2 4.3 4.9 4.7 4.9 
Harvest 11.7 11.4 9.5 7.0 7.6 
VII. Efficiency 
 
 How efficiently each farm uses the available power, time and overall energy is calculated 
once the equipment is selected. The efficiency of the power use can be calculated using the 
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required power and the rated power. The required power for an operation is divided by the rated 
power of the machine being used and a value between zero and one is obtained that represents 
how much of the rated power is being put to work. For the efficiency of time, the actual work 
hours are divided by the available work hours. These two measures give an indication of how 
efficiently farmers are using their equipment and available time. These numbers were calculated 
for each individual operation and averaged to give the overall efficiency for a farm. The overall 
efficiency of energy use was based on how much of the available time and power a farm used. 
For example a farm that utilizes 60 percent of the available work hours, and averages 80 percent 
of the available power will have an efficiency of 70 percent. This measure captures the efficiency 
of energy use on each farm. 
VIII.  Calculating Energy Use 
 
Once the equipment was selected that satisfied the time and sizing requirements the Hp-
h/acre (kW-h/ha) number was calculated which could be converted into MJ/ha. In order to 
calculate this number the equation 7 was used. 
       (
               
    
)        (7) 
Where 
ME   = MJ per hectare for a given task 
Kilowatts  = Required power needed to perform a certain task 
Hours   = Amount of time taken to perform a given task 
Area   = Amount of cropped land that the task was performed on 
3.6   = Conversion factor that converts kW-hr to MJ.  
 
The MJ/ha number was calculated for each operation, planting, tillage, harvesting and trucking. 
The values were calculated separately for corn and soybean production. The mega joules per 
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hectare numbers were calculated for each operation, for each farm size, in all of the regions. The 
required energy numbers were summed to find the total energy required on each farm. The 
required and available energy was compared to show any areas where inefficiencies were 
present. The total required energy was compared to the values taken from previous studies 
shown in the literature review. Once the representative farms were set up, and equipment was 
selected the energy use on each farm was calculated. The differences between each region and 
between farms were quantified using this approach.  
IX. Sensitivity Analysis 
 
 Further analysis was performed to measure the sensitivity of the results to changes in the 
major assumptions. The assumptions shown in table 4 on field speed and efficiency were varied 
to test the effect on the results. Variations in speed and efficiency are probable and the sensitivity 
analysis addressed the possible effect on the results. Changes in the efficiency would affect the 
number of hours of operation and could result in changes in machinery choices. For the 
sensitivity analysis the efficiency values were varied by 10 percent. A decrease in efficiency by 
10 percent caused an increase in the amount of energy required from 8-12 percent depending on 
the farm and region. This percentage change for Illinois was in the range of 180-240 MJ/ha 
depending on the farm selected. If there are future changes in efficiency the sensitivity analysis 
gives an indication of how these changes would affect the results.  
 Changes in the speed or slope affect the power requirements of an operation. As speed 
and slope increased the amount of power required to pull an implement increases. For planting in 
Illinois increasing the speed by 1 mph or 1.6 km/h required almost 30 extra Hp (22.5 kW). An 
increase in the slope by 2 percent in Illinois resulted in power requirements increasing by 20 Hp 
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(15 kW). The sensitivity analysis shows how the assumptions can be relaxed and the effect on 
the results. Changes in efficiency, speed or slope would have an impact on the amount of energy 
required. These changes could result in different choices in machinery. The initial set of 
assumptions were made based on available data and literature. The sensitivity analysis was 
performed to analyze what would happen if the assumptions were changed. Changes in 
efficiency that could come from variation in field size or field location could affect the overall 
energy demand.    
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Chapter 4: REGIONS 
I.  Introduction 
 
The energy input for each operation differs depending on the common farming practices 
in the region. The size of equipment, hours of use and area worked all factor into the equation 
determining the energy use. This section covers the common farming practices in each region 
and the similarities and differences between them. The four regions considered were Illinois, 
Mato Grosso in Brazil, Madhya Pradesh in India and Zambia in Sub-Saharan Africa. These 
regions represent a diverse group of farming practices and climatic conditions. This section of 
the report covers each region in detail, showing climate, production techniques, trends in the 
market and how the representative farms were set up.  
 
 
Figure 1: Map of the regions focusing on Illinois, Mato Grosso, Madhya Pradesh and Zambia 
 29 
 
II. Illinois 
II.a.  Agricultural Production 
The United States is one of the leading agricultural producers in the world, ranking as the number 
one producer of corn and soybeans (USDA, 2012). Illinois lies in the heart of the Mid-West and produces 
primarily corn and soybeans. The National Agricultural Statistics service estimates that in 2010 there 
were approximately 76,000 farms working almost 11 million hectares, accounting for 76 percent of the 
total land area in the state (NASS, 2012). These farms produced about 14 percent of the soybeans and 16 
percent of the corn in the US while accounting for only 4 percent of the total number of farms. The 
current trends in the agricultural market in Illinois, show increasing farm size, increasing yields, and 
rising land values. The percent of farms above 2000 acres has increased from 17 percent of Illinois in 
1997 to 29 percent in 2007 (NASS, 2012). The increase in farm size has led to a rise in the size of 
equipment used as individual farmers have to work more land. The majority of available agricultural land 
in Illinois is already in production and increases in productivity will need to come as innovations in the 
form of yield increases or cost reduction. 
II.b.  Climate 
 Illinois is located between 36 and 42 degrees latitude North and the climate is typically 
continental with cold winters, warm summers and frequent short fluctuations in temperature, humidity, 
cloudiness and wind direction. Illinois has a single growing season ranging from 160 to 190 days between 
late March and early October (NASS, 2012). The soils in Illinois are generally considered highly 
productive, and the average annual rainfall ranges from 800-1200 millimeters (NOAA) depending on 
location. This allows for the production of rain fed corn and soybeans in the summer months. Traditional 
planting dates in Illinois start in late April, early May and end in early June with the majority of the crops 
being planted in May. The harvest season begins in September and runs into November with the majority 
of the harvest taking place in October (USDA, 2012). 
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II.c.  Yields 
The productive soils and supporting infrastructure mean that Illinois has some of the best 
farmland in the world. Crop yields in Illinois have benefited from years of research with both corn and 
soybean yields more than doubling in the past 50 years. The National agricultural statistics service puts 
the record average corn yields at 11.3 tons/hectare (180 bu/ac) and the record average soybean yields at 
3.5 tons/hectare (51.5 bu/ac). The trend over the past 50 years has been for yields to increase in Illinois 
with some producers reaching corn yields over 12 tons/hectare and soybean yields over 4 tons/hectare. 
The 12 tons/ha for corn and 4 tons/ha for soybeans are the yields used for Illinois, and represent 
machinery working to its full capacity. The other three regions all have yields lower than those seen in 
Illinois. The depth of research and investment in crop yields in Illinois shows the potential for yield 
improvements when conditions are right.   
II.d. Equipment 
Illinois farmers are among the most mechanized in the world, and this is reflected in major 
equipment manufacturers such as John Deere and CNH locating their headquarters in Illinois. The FAO 
estimates that in the USA the number of agricultural tractors per 100 square kilometers of arable land is 
271. However, looking at the National Agricultural Statistics Service numbers for Illinois, the average 
number of tractors per 100 square kilometers for Illinois is 682 for the year 2007. This number has 
actually dropped from 1997 when the number of tractors per 100 square kilometers was 810. The decline 
in the number of tractors is due to the increasing farm size. Larger farms use larger equipment and spread 
the use of this equipment over a larger area. The selection of equipment that farmers have in Illinois is 
large with a wide range of offerings from equipment manufacturers. The equipment specifications used in 
the model are taken from equipment manufacturer’s websites (CASE, 2013 and John Deere, 2013) and 
cross checked with the Nebraska Tractor Test Laboratory data.  
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II.e.  Farm Characteristics 
 For Illinois the sample farms were selected to represent a wide range of equipment use. The size 
of the equipment varied with farm size, as farm size increased so did equipment size and quantity. The 
corn and soybeans are grown on a 1:1 ratio and the farm size starts at 250 hectares and increases to 2000 
hectares. NASS classifies farms by size in their census data and the farm sizes were set to reflect the 
common farm sizes in Illinois (NASS, 2013). The equipment used on each farm is shown in table 8, with 
each farm owning a combine, tractors for planting and for hauling a grain cart, and a tractor for tillage. 
Table 9 shows the size in terms of horsepower and the number of pieces of equipment, the actual 
machinery model and make are shown in appendix D. The selection process ensured that the equipment 
selected was common to Illinois (available through the major equipment manufacturers) and could 
perform the required tasks in the given amount of time. This resulted in a set of equipment being selected 
for each farm. The 250 hectare farm in Illinois does not make use of a grain cart, which means their 
harvest efficiency is lower. Farming such a small area means that time constraints are not an issue. As the 
farm size increases larger equipment is needed and on the 2000 hectare farm they actually need two 
combines and two planters to complete the work on time. 
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Table 8: Farm size and cropped area in Illinois 
Farm Sizes in Hectares Farm 1 Farm 2 Farm 3 Farm 4 
Total Area 250 500 1000 2000 
Corn 125 250 500 1000 
Soybeans 125 250 500 1000 
 
Table 9: Machinery selected for the representative farms in Illinois 
Equipment List Farm 1 Farm 2 Farm 3 Farm 4 
Combine 1 X 265 HP 1 X 265 HP 1 X 325 HP 2 X 325 HP 
Headers     
Corn 20 ft 20 ft 20 ft 20 ft 
Soybeans 20 ft 25 ft 25 ft 25 ft 
Tractors     
Planting and Grain Cart 1 X 160 HP 1 X 130 HP 1 X 185 HP 2 X 180 HP 
Tillage 1 X 260 HP 1 X 315 HP 1 X 340 HP 
     
Planter 1 X 6 row 1 X 8 row 1 X 16 row 2 X 16 row 
     
Grain Cart (bushels) None 840 1040 1040 
Total cost of Equipment $ 656,735 $ 921,440 $ 1,230,640 $ 2,069,970 
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III. Brazil 
III.a. Agricultural Production 
 
 Soybean production in Brazil has more than doubled since the 1990’s. The emergence of a 
vibrant large scale agriculture sector in the Center-West of the country has led to Brazil becoming a major 
player in the international market. Brazil is now the second largest producer of soybeans after the US. 
Economic and political reforms in the 1990s led to a favorable climate for agricultural investment, 
production and exports (Flaskerud, 2003). These favorable reforms coupled with good climate and 
available land has helped establish Brazil as an agricultural leader. The Mato Grosso region in Brazil now 
accounts for 80 percent of the soybean production in the country, and also produces significant amounts 
of corn. In 2011 almost 7 million hectares of soybeans were grown in Mato Grosso state, and in Brazil in 
total almost 22 million hectares of soybeans were grown. In Mato Grosso in 2011, 2.5 million hectares of 
corn were grown as a second crop after the soybeans (IMEA, 2013). The increase in production in Brazil 
has come as a result of the expansion of agricultural land. The past 50 years has seen the development of 
a vibrant large scale agricultural sector in Mato Grosso that has had an impact on the global market.   
III.b.  Climate 
 
Mato Grosso state in Brazil lies between 10 and 20 degrees latitude South with a tropical climate. 
Monthly average temperatures range from 23-27 
o
C throughout the year. The average annual rainfall is 
from 1300-1500 mm with a distinct dry season from May to September. The tropical climate in Mato 
Grosso allows the production of multiple crops in a year. Soybeans are planted from October to 
December and harvested from January to April. The second crop corn (safrinha) is planted in February 
and March where the early planted soybeans have been harvested. The corn is then harvested from July to 
September (IMEA). The farmers in Mato Grosso face the challenge of how to harvest the soybeans while  
leaving enough time to plant the second crop corn. These farmers face a unique challenge posed to them 
by the climatic characteristics in the region. 
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 III.c.  Yields 
 
Mato Grosso is characterized by savanna-like flatland, and requires the intensive use of fertilizer. 
Nitrogen, phosphorus and lime need to be added to improve fertility and no-till production is commonly 
practiced to minimize erosion and help maintain soils (Flaskerud, 2003).  With the expansion of farmland 
the amount of research dedicated to increasing yields has increased. Soybean yields in Mato Grosso have 
steadily increased since the 1960’s when they were below 1.5 tons/ha to about 3 tons/ha and have slowly 
been catching up to the yield levels in the US (Flaskerud, 2003). However, corn yields in Mato Grosso are 
still far below the levels in the US. The average second crop corn (safrinha) yield in Mato Grosso in 2009 
was around 3.5 tons/ha (USDA, 2013). Reasons for the lower yields vary from, shorter daylight hours and 
poorer soils to the slow development of tropical corn varieties (Flaskerud, 2003). The yields used in the 
model are 3 tons/ha for soybeans and 4 tons/ha for corn. While there are differences in yields and farm 
characteristics the equipment and production methods are similar to those used in Illinois. 
III.d.  Equipment 
 
The major equipment manufacturers such as John Deere, CASE New Holland and AGCO are all 
present in Brazil. The rapid growth of the farm sector in Mato Grosso has attracted attention both from 
investors and researchers. The FAO puts the number of tractors per 100 square kilometer in Brazil at 129, 
with dramatic increases occurring in the 1970’s as government policies promoted the adoption of 
machinery. Gimenez and Milan estimated an average for Brazil of around 6.5 tractors per 1000 hectares. 
However, these numbers can be misleading, because they do not take into account the size of the tractors 
being used or the hours each tractor is being operated. Data from a farm survey in Mato Grosso puts the 
average number of tractors and combines per 1000 hectares at 3 (Goldsmith, 2012)
3
. In Flaskeruds study 
of farms in Brazil he found that “A 165-Horsepower tractor without a cab and a combine with a 20-25 
                                                          
3
 Data on machinery numbers was provided courtesy of Dr. Peter Goldsmith and Anamaria Gaudencio 
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foot header were common”. In Helfands and Levines (2004) study they examined tractors in the range of 
50-100 HP (37.5-75 kW) however they considered the southern region of Brazil where farms are typically 
smaller. Flaskerud (2003) and Helfand (2004) both agree that compared to US farms, the farm equipment 
is relatively small considering the size of the farms. Flaskerud (2003) suggests that labor is being 
substituted for capital; in Matto Grosso the longer planting and harvesting seasons and low labor costs 
allow the use of smaller less expensive equipment.  
III.e.  Farm Characteristics 
 
 For the Brazilian farms the sample farms were set up to represent producers in Mato Grosso. The 
farms in Mato Grosso started at 1000 hectares as the smallest and had 10,000 hectares as the largest. 
There are companies that operate more than 10, 000 hectares but the assumption is that as farm size 
increases operators would just be increasing the amount of equipment in sets. The entire area is planted 
with soybeans and forty percent of the area is planted with corn as a second crop. The forty percent value 
was set from data collected from the Mato Grosso Institute of Agricultural Economics (IMEA, 2013). 
Over the past 5 years the area planted with corn (safrinha) has grown from 30 percent of the soybean 
acreage to 35 percent and is expected to increase again this year. The possibility of this ratio changing is 
discussed in the results section, but for the purpose of machinery selection the ratio was set at 40 percent. 
The equipment selection process followed the same procedure as Illinois, with the working hours, 
available equipment and soil types all being changed to match those of Mato Grosso. The equipment 
selected was generally smaller than that in Illinois and more machinery was in use. Table 10 shows that 
the smaller 1000 hectare farm has machinery similar to an Illinois producer and as the farms increase in 
size so does the quantity and size of the equipment. The ten thousand hectare farm uses four combines, 
and six tractors for planting and tillage.  
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Table 10: Farm size and cropped area in Brazil 
Farm Sizes in Hectares Farm 1 Farm 2 Farm 3 Farm 4 
Total Area 1000 2000 5000 10,000 
Corn 400 800 2000 4000 
Soybeans 1000 2000 5000 10,000 
 
Table 11: Machinery selected for the representative farms in Brazil 
Equipment List Farm 1 Farm 2 Farm 3 Farm 4 
Combine 1 X 175 HP 2 X 225 HP 2 X 250 HP 4 X 360HP 
Headers     
Corn 20 ft 20 ft 25 ft 25 ft 
Soybeans 20 ft 20 ft 30 ft 30 ft 
Tractors     
Planting 1 X 110 HP 2 X 110 HP 3 X 225 HP 6 X 225 HP 
Tillage 1 X 150 HP 1 X 150 HP 1 X 315 HP 
     
Planter 1 X 11 row 1 X 11 row 3 X 17 row 6 X 19 row 
     
Total cost of Equipment $ 637,246 $ 1,202,292 $ 2,222,410 $ 3,878,869 
 
 
  
 37 
 
IV.  India 
IV.a.  Agricultural Production 
 
  Agricultural production in India is dominated by small-scale producers that use relatively low 
levels of technology. India is the fifth largest producer of soybeans in the world producing about 4 percent 
of global production (USDA, 2013). Madhya Pradesh in the center of the country is the primary soybean 
producing region in India accounting for over 80 percent of national production (Singh, 2005). In 1970 
only 30,000 hectares of soybeans were grown; by 2007 this number had rapidly increased to 8.8 million 
hectares (FAO, 2013). The increase in the area of soybeans grown has been at the cost of sorghum, rice 
and other crops. In 1983 there was around 2.1 million ha of sorghum. Sorghum production dropped to 0.8 
million ha in 1994. Soybean production increased but despite the growth in area cropped the productivity 
levels have remained low. The low level of inputs has meant that the majority of the production gains 
have come from the expansion of farmed land. Future production gains need to come from increases in 
yields and not the expansion of area at the expense of other crops. The majority of agricultural land in 
India is currently in use. If production is to continue growing achieving higher yields needs to become a 
priority. 
IV.b.  Climate 
 
Madhya Pradesh in India lies between 21 and 26 degrees latitude North and has a subtropical 
climate. Madhya Pradesh has a hot dry summer from April- June followed by monsoon rains in July-
September and a cool fairly dry winter.  The average annual rainfall varies from 1100 to 1500 mm.  The 
common soil types are vertisols and vertic inceptisols and the temperatures can range from 40 
o
C in the 
summer to 15 
o
C in the winter (Singh, 2005). Fields for soybeans are typically prepared in May with 
planting starting in June and going into July. The monsoon rains provide water for the crops and at the 
end of the monsoon soybeans are harvested in October and November. In some areas chickpea is grown 
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as a second crop after the soybeans. Chickpea is planted in late October and November and harvested in 
late January, February and early March (Singh, 2005).   
IV.c.  Yields 
 
 The small-scale producers in Madhya Pradesh have struggled to achieve high yields. The lack of 
finance, inputs and expertise has meant that soybean yields have not seen the growth experienced in other 
regions. The potential for high soybean yields does exist. Singh et al. (2006) examined the potential 
productivity and yield gap for soybeans in Madhya Pradesh and found that while actual yields are around 
the 1 t/ha mark, potential yields are around 3 t/ha. Bhatia and Singh (2006) showed that for rain fed 
soybeans the average current production level increased slightly from 0.76 t/ha in 1983 to 1.04 t/ha in 
1997. This shows an increase in yield levels over this period, but yields still fall short of the 3 t/ha 
potential yield. Other studies have supported these findings suggesting potential yields in Madhya 
Pradesh of 3.02 t/ha (Bhatia and Singh, 2006). If India were to increase the average production from 1 
t/ha to 3 t/ha this would result in Indian production going from around 8.8 million tonnes to 26.4 million 
tonnes. This would see a 6 percent increase in the total global production of soybeans. For this study the 
assumption was made that soybean yields in India are 1 t/ha. The potential for change is there, but the 
challenges small-scale producers face are large. Potential increases in yield and the consequences on 
machinery use are discussed in the results section.   
IV.d.  Equipment 
 
 The major equipment manufacturers have seen the potential of the Indian market and also 
acknowledged the differences. The equipment available in India is different from equipment available in 
North America and is focused towards smaller farms. Companies such as John Deere or Case New 
Holland are present and offer smaller equipment that is suited to the smaller farm size. Local Indian 
manufacturers such as Mahindra offer tractors from 22 to 83 Hp (17-63 kW), and compete with John 
Deere and Case. The smaller tractor market is extremely competitive and has a higher number of 
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competitors. The cost per horsepower for smaller tractors is actually less than larger tractors. For example 
the John Deere 5000 series are priced around $ 500/Hp while the 9000 series are priced at around $ 
1000/Hp (John Deere, 2013). This pricing structure is a result of the lower access to capital that small-
scale producers possess. The smaller fields, lack of capital and structure of the market mean that the 
model that works in Brazil or Illinois will not work in India.     
IV.e.  Farm Characteristics 
 
 The farm characteristics in India are least like the other three regions. The average farm size in 
India is smaller than the other regions, and the potential for farm size to increase is limited by institutional 
and social norms. The equipment in India reflects the smaller farm size and the tractors available are 
generally below 100 Hp (75kW). The small farm size means that contract farming is more common in 
India than in the other regions. Farmers that own just one or five hectares of land do not have access to 
the capital needed to acquire machinery. The contract farmers can acquire machinery and rent out their 
time and equipment to farmers thus spreading the cost of their equipment out over a larger area. The limit 
then becomes field size. If operators want to spread their equipment out over a larger area, larger field 
sizes would be more efficient. In order to model this and capture potential differences the average field 
size was set, and the equipment was selected. Based on the time available the area that could be worked 
by a single contractor was then calculated. Given the available time and accounting for travel time 
between fields, and using the machinery shown in table 13 the area that could be worked is shown in table 
12. The 100 Hp (75 kW) combine could be contracted out over an area of 695 ha – 910 ha depending on 
the field size. The areas shown for tillage, planting and harvest represent the area of land that a contract 
operator should aim to work given the selected equipment.  
 
 
 
     
 40 
 
 
Table 12: Farm size and cropped area in India 
Farm Sizes in Hectares Farm 1 Farm 2 Farm 3 Farm 4 
Field Size, Soybeans 1 5 20 50 
                                               Area contracted 
Tillage (ha) 170 300 550 700 
Planting (ha) 370 640 667 890 
Harvest (ha) 695 870 904 910 
 
Table 13: Machinery selected for representative farms in India 
Equipment List Farm 1 Farm 2 Farm 3 Farm 4 
Combine 1 X 100 HP 1 X 100 HP 1 X 100 HP 1 X 100 HP 
Headers     
Soybeans 10 ft 10 ft 10 ft 10 ft 
Tractors     
Planting 1 X 45 HP 
 
1 X 60 HP 
 
1 X 75 HP 
 
1 X 95 HP 
 Tillage 
     
Planter 1 X 4 row 1 X 6 row 1 X 6 row 1 X 8 row 
     
Total cost of Equipment $ 273,600 $ 308,125 $ 326,925 $ 357,400 
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V.  Zambia 
V.a.  Agricultural Production 
 
 Sub-Saharan Africa contains the majority of the world’s untapped agricultural potential. Low 
yields and underutilized land characterize much of agricultural production in the region. Recent interest in 
large scale land acquisitions in parts of Africa have led to questions about the viability of large scale 
commercial farming in Africa. The majority of farmers in Zambia are small scale producers and use very 
low levels of technology. However, certain crops such as the production of soybeans are dominated by 
large commercial farmers. The larger farms that use mechanical equipment are the farms that are being 
analyzed. If there is going to be a rapid expansion in the amount of land under crops, this expansion is 
going to come from the use of machinery. Commercial farmers produce close to a hundred percent of 
Zambia’s soybean crop but only about thirty five percent of the maize crop (Keyser, 2007). In Africa data 
from the FAO show that from 1961 to 2011, soybean production increased from about 70,000 tonnes to 
1.8 million tonnes. Over the same period maize production increased from 16 million tonnes to over 65 
million tonnes. The production of both crops has increased, but what does this say about the potential of 
future production increases? If mechanized farming is to succeed in Africa will it follow along the lines of 
Brazil or India? In areas where large tracts of land are available Brazil has set the standard for large-scale 
mechanized production. Alternatively India’s small scale approach provides another option that may suit 
a larger portion of the African population.  
V.b.  Climate 
Zambia lies between 8 and 18 degrees latitude South with a subtropical climate. Zambia is 
characterized by two seasons, a warm wet summer and a cool dry winter. The average annual rainfall 
ranges from 800 – 1400 mm with little rain falling in June, July and August. In the summer the average 
temperature is between 23-30 
o
C and in the winter between 10-18 
o
C. The soils are considered fertile but 
fertilizer and lime are needed to improve productivity (CCAA, 2009). Soybeans and corn (maize) are 
planted at the start of the rainy season in late November and December and are harvested in April and 
 42 
 
May. If a secondary wheat crop is going to be grown irrigation is needed and the crop is planted in late 
May, early June and harvested in October. For this analysis only rain fed production of corn and soybeans 
was considered.  
V.c  Yields 
 
 Commercial farmers in Zambia represent a sector that have access to finance and inputs that 
small scale producer’s lack.  For this reason commercial farmers are able to achieve higher yields than the 
country average. The FAO (2013) estimate that soybean yields on average for Zambia are around 1.6 t/ha 
and have been steadily increasing since the 1970’s when they were below 1 t/ha. For this study the 
average yield for soybeans has been set at 2 t/ha slightly higher than the FAO estimates. The average 
maize yield estimated by the FAO is around 2.4 t/ha however this number is weighted down by the low 
yields obtained by subsistence farmers. Common yields for commercial farmers are closer to 4 t/ha 
reflecting the higher level of inputs used (Keyser, 2007).  
V.d. Equipment 
 
 There are currently no manufacturing facilities for agricultural equipment in Zambia, all of the 
machinery being imported into the country. There is a variety of equipment imported through South 
Africa, which appears to be a trend for large parts of Southern Africa. John Deere and Case New Holland 
list their full line of equipment available in North America along with the smaller tractor series that are 
not as common in North America. The John Deere 5E and 6E series are both available with open operator 
stations and other equipment manufacturers such as Case New Holland and AGCO offer similar 
equipment. The machinery used in Zambia is on the lower range of the power list, reflecting the smaller 
field and farm size.  
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V.e.  Farm Characteristics 
 
 The representative farms set up in Zambia are smaller than Brazil and Illinois but larger than 
India. On the smaller farms in Zambia the cost of investing in a new combine is difficult to justify for the 
area being cropped. The existence of contract harvesters in Zambia, means that the smaller farmers no 
longer need to own their own harvest equipment. For the representative farms the smaller two farms use 
contract harvesters while the larger two farms own their own equipment. All four farms own their 
planting and tillage equipment. The planting and tillage equipment is smaller than the equipment used in 
Brazil and Illinois but larger than the equipment used in India. The equipment used and the area cropped 
are shown in tables 14 and 15. The potential for expansion in the Zambian agricultural sector is the 
greatest of the four regions. The untapped potential in the country could develop along very different lines 
than the current state of commercial agriculture in the country. The representative farms were set up to 
model the existing commercial sector. However these characteristics could change as the country 
develops and more land is brought into production.   
 
Table 14: Farm size and cropped area in Zambia 
 Farm 1 Farm 2 Farm 3 Farm 4 
Farm Sizes in Hectares 100 250 500 1000 
Corn 25 62.5 125 250 
Soybeans 75 187.5 375 750 
Contract Harvest 2000 ha 3000 ha   
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Table 15: Machinery selected for the representative farms in Zambia 
Equipment List Farm 1 Farm 2 Farm 3 Farm 4 
 Contract Harvest   
Combine 1 X 175 HP 1 X 330 HP 1 X 175 HP 1 X 175 HP 
Headers     
Soybeans 15 ft 15 ft 15 ft 15 ft 
Corn 15 ft 20 ft 15 ft 15 ft 
Tractors     
Planting 1 X 95 HP 1 X 95 HP 1 X 80 HP 1 X 110 HP 
Tillage 1 X 130 HP 1 X 130 HP 
     
Planter 1 X 6 row 1 X 6 row 1 X 6 row 1 X 8 row 
     
Grain Cart (bushels) 600 bushel 600 bushel None None 
Total cost of Equipment $ 200,325 $ 200,325 $ 564,534 $ 684,490 
Contract Harvest 
Equipment  
$ 291,775 $ 439,500   
 
 
 
 
 
 
 
 
 
 
 
 
 
 45 
 
Chapter 5: RESULTS AND DISCUSSION 
I.  Summary 
 
The results of the study show that there are differences between regions, that are likely to 
persist unless there are changes in the structure of agriculture within those regions. Results 
quantified here, show the mechanization index, energy required, energy available, efficiency, 
fuel consumption and cost of machinery. An important question related to potential future 
changes is, if there are changes in yields or farm size, what does this mean for machinery use and 
overall energy consumption?  
II. Mechanization Index  
 
 The mechanization index considers the energy use of in-field operations. The in-field 
operations consist of tillage, planting and harvest (grain cart operations were included in the 
harvest values). The initial assumption is that in each country all three operations are performed. 
To compare regions energy used is normalized to be a value between 0 and 1. A value of one 
would mean a farm is fully mechanized, as represented by farms in Illinois. Setting Illinois at a 
value of 1 (fully mechanized) the other three regions have values of 0.96 for Brazil, 0.78 for 
Zambia and 0.65 for India. The values are shown in figure 2 where the intensity of machinery 
use is broken down by operation. For example in Illinois higher yields mean that more energy is 
required for harvest. The amount of energy required for each operation can be compared to each 
other; tillage requires the greatest amount of energy while planting the least.  
 If the assumption that all three operations are performed is relaxed this changes the 
mechanization index. If, for example, in India a farm only uses machinery for tillage, and plants 
and harvests by hand the mechanization index would be 0.32 instead of 0.65. The results provide 
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a way to factor each field operation into the analysis. For example in Illinois 49 percent of the 
energy is used for tillage, 10 percent for planting and 41 percent for harvest. If an Illinois farmer 
adopted zero tillage practices the ratios would shift. Planting would require more energy, but the 
overall mechanization index would be lower. Each in-field operation adds to the mechanization 
index. The mechanization level is relative to the region, depending on the yields, soil types, and 
equipment being used. The mechanization index provides a useful quick comparison between 
regions. If policy makers or investors wish to estimate the level of machinery use, the individual 
values can be summed to obtain an overall mechanization index. Results in table 16 show the 
weight for each operation according to the region and the overall mechanization index.  
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Figure 2: Mechanization index for each region showing harvest, planting and tillage. 
 
Table 16: Mechanization index  showing the normalized values for each region 
Mechanization Index India Zambia Brazil Illinois 
Harvest 0.22 0.26 0.28 0.41 
Planting 0.11 0.10 0.14 0.10 
Tillage 0.32 0.41 0.54 0.48 
Total 0.65 0.78 0.96 1.00 
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III.  Energy Required 
 
 The total energy required per hectare to produce corn and soybeans did not vary greatly 
depending on farm size. Variation from the average was never more than ten percent for any of 
the regions. Energy required to perform a given amount of work was shown to be constant within 
a region. The major differences came between regions, where different soil types, slopes, and 
machinery played a larger role in determining the amount of energy required. For example the 
higher yields in Illinois meant that more energy was required to harvest the crop, but the extra 
travel distance in Zambia and Brazil means that overall Illinois farmers require less energy for 
corn production. Figure 5 shows the energy requirements for soybean production all the way to 
market. Zambia and India had averages of 1439 MJ/ha and 1590 MJ/ha while Illinois and Brazil 
had averages of 1640 and 1665 MJ/ha respectfully. Figure 4 shows the energy requirements for 
corn production all the way to market. Brazil had an average of 2726 MJ/ha while Zambia and 
Illinois were less with 2138 MJ/ha and 2353 MJ/ha respectfully. These values can be compared 
back to the values obtained from other studies in the literature review. The values are closest to 
the value of 1813 MJ/ha for soybean and 2004 MJ/ha for corn obtained by Downs and Hansen 
(1998) in the USA. The difference for corn in Brazil comes from the energy required for 
transport. The assumption for Brazil is that the crops have to travel further to market than in the 
other regions. In all three regions the energy required for corn production was higher than 
soybean production.  
 The energy required for each operation is shown in figure 3. Lower yields and smaller 
equipment used in Zambia and India mean less energy is required per hectare. As yield and 
machine use increase the energy required will approach the levels of Illinois and Brazil. Energy 
requirements for trucking reflect the distance to market. The CCAA methodology reports (2009) 
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estimate the travelling time to a city of 5000 inhabitants or more, and these values were to 
estimate the trucking requirements. These values would vary greatly from farm to farm and the 
argument could be made that the distance travelled in Brazil or Illinois, could be all the way to 
the export port.  
 If the assumption is made that Brazilian farmers are transporting their grain directly to the 
export port then the extra energy required could be calculated from the model. This value could 
be used to show the total energy within a region that is being used by trucks to transport grain to 
the coast. If the price of energy was factored in, these values could be used by policy makers to 
estimate the potential benefits of alternative modes of transport such as rail or barge.  
 
Figure 3: Energy required for machinery operations and transport excluding fuel 
consumption 
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Figure 4: Total energy required for corn production including fuel consumption 
 
 
Figure 5: Total energy required for soybean production including fuel consumption 
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IV.  Energy Available 
 
 The amount of time and power available to an operator were used to calculate the total 
energy available. This measurement becomes a function of the total available working hours, the 
maximum power of the equipment and the area being worked. The major differences in energy 
available were observed as farm size increases. Figure 6 and 7 show the excess available energy 
on the smaller farms in each region. Across all of the regions the smaller farms were not utilizing 
all of the available energy. The larger farms were able to spread their energy use across more 
area and thus lower the amount of energy available per hectare. The efficiency of power use and 
time use varied depending on region and farm size. The trend was that the larger farms make 
better use of the available power and time. Appendix E shows the individual efficiencies for each 
farm. On average 75 percent of the available power and 66 percent of the available time were put 
to use. For power the average use was representative of the entire sample but the smaller farms 
were only using 50 percent of the available time while the larger farms are using close to 100 
percent of the available time.  
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Figure 6: Available energy for corn production 
 
 
Figure 7: Available energy for soybean production 
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V. Fuel Consumption 
 
The fuel consumption was calculated for each operation and added together to obtain a  
total liters per hectare number. Figure 8 shows that Illinois and Brazil have similar values and 
that India and Zambia have similar values. Figure 8 shows a clear gap between the two groups 
that is derived from the higher use of machinery in Brazil and Illinois. The mechanization index 
showed that Illinois and Brazil have a higher level of in-field machinery use and this is driving 
the fuel difference. The lower harvests in India and Zambia mean that less power is required at 
harvest and this translates into lower fuel consumption rates.  
After factoring in the fuel required for trucking, figure 9 shows that the total average fuel 
consumption was highest in Brazil.  The higher transportation requirements in Brazil are an area 
where reductions in fuel consumption could be made. If Brazil could lower the distance to 
market or improve infrastructure to incorporate the use of rail or barges as in the USA their fuel 
consumption would likely drop to the levels in Illinois. For India and Zambia, the question is will 
they converge to the same levels as Illinois and Brazil? If the intensity of machinery use 
increases in India and Zambia fuel consumption rates could increase towards those seen in 
Illinois and Brazil.  
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Figure 8: In-field fuel consumption 
 
 
Figure 9: Average fuel consumption in each region 
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VI. Machinery Costs 
 
A simplified approach was taken when looking at the machinery costs. The cost to  
purchase new equipment for each farm was calculated and divided by the area of the farm. This 
gave a dollars per hectare number that could be compared between regions and farm size.  The 
trends in figure 10 show that as farm size increases the dollars per hectare invested in machinery 
decreases. For the largest farm in Brazil this number drops down to $ 388 / ha, while the smallest 
farm in Illinois has the highest investment in machinery of  $ 2376 / ha. Just comparing these 
two numbers gives an explanation of the benefits of spreading machinery costs over a large area. 
Another trend that is apparent is the difference between India, Zambia and Illinois. Illinois 
farmers are far more capitalized in terms of machinery than farms in Zambia and India. The 
difference in dollars per hectare can also be attributed to the higher levels of technology that 
Illinois farmers use.  
 Even with contract farming in India and Zambia the investment in machinery is still 
below that of Illinois. This can be attributed to the type of equipment used and the availability of 
labor. A thousand hectare farm in Zambia or Brazil invests around $ 650 /ha in machinery.  
While a thousand hectare farm in Illinois invests almost double at around $ 1200 / ha. The 
relative unavailability of labor forces Illinois farmers to mechanize more intensively than other 
regions. The higher investment in machinery in Illinois is expected, but the question is whether 
these differences will persist or will the regions converge? Will the dollar per hectare number in 
Illinois decrease to compete with the other regions or will these regions converge to the values in 
Illinois? The extra money that Illinois farmers are investing is going towards more than just 
power, the level of technology used by Illinois farmers is higher than the other regions. Part of 
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the investment is made in technology such as guidance systems and precision farming 
equipment.  
 Figure 11 shows the investment by operation. Harvest equipment is clearly where the 
majority of capital is invested. This draws attention to the importance of contract harvesting, 
especially for smaller farms. Using contract harvesters allows smaller farms to lower their 
investment in machinery. This is a simplified way to look at the value of machinery and does not 
take into account depreciation or existing equipment but it does provide an easy way to compare 
the capital requirements between regions.  
 
 
Figure 10: Dollars per hectare invested in machinery 
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Figure 11: Investment in machinery by operation 
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VII. Discussion 
 
 The discussion uses the model to address a series of questions. The differences between 
the regions have been quantified, and the results are shown in tables 17 and 18.  These values 
were then used to analyze potential future scenarios. What happens if the area under corn 
production increases in Brazil? What happens if the yields in India, Zambia and Brazil increase? 
What happens if large scale farming is established in Africa? These are a few of the questions 
that the results of the analysis were used to address.  
 
Table 17: Average energy consumption for corn production 
Corn Illinois Brazil Zambia 
Average Machine Energy Required MJ/ha 821 1131 1061 
Average Fuel consumption    
In field use MJ/ha 1128 983 801 
Transport MJ/ha 218 619 473 
Total Required Energy MJ/ha 2168 2732 2335 
Average MJ/t for corn production 185 683 584 
 
 
Table 18: Average energy consumption for soybean production 
   Soybeans Illinois Brazil India Zambia 
Average Machine Energy Required 
MJ/ha 
573 664 447 575 
Average Fuel consumption     
In field use MJ/ha 1019 982 800 728 
Transport MJ/ha 72 436 254 182 
Total Required Energy MJ/ha 1665 2084 1502 1485 
Average MJ/t for soybean production 416 695 1502 742 
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VII.a.  What happens if yields increase? 
 
 If yields in Brazil, India and Zambia start to increase towards the levels seen in Illinois 
this could create changes in the selection of harvest equipment. Currently in the model Brazil, 
India and Zambia all have yields below that of Illinois, which means they can use smaller harvest 
equipment. For example in Brazil if soybean yields increase from 3 tons per hectare to 4 tons per 
hectare, the existing equipment may struggle to complete the task on time. This increase on the 
ten thousand hectare Brazilian farm would mean an extra 44 hours are needed at harvest time. 
The decision Brazilian farmers would face is either to invest in larger equipment or more 
equipment and more labor. This change would shrink the window of time farmers have to plant 
corn, and extend the amount of time needed to harvest soybeans. In India this would mean a 
dramatic increase in yields, and while this would be good for farmers the existing equipment 
may struggle to keep up. If yield increases do occur the existing practices will likely change and 
farmers will adapt to the new conditions.  
VII.b.  What happens if the area planted with corn increases in Brazil? 
 
 In Brazil and India the area under cultivation has rapidly expanded along with the 
adoption of mechanized production systems. This expansion has resulted in an increase in 
production of primarily soybeans, but in Brazil the potential for increased corn production exists. 
At the moment the assumption is that only 40 percent of the area under soybeans is planted with 
corn as a second crop. In order for this area to increase the soybeans would need to be harvested 
faster, if yields rise this could actually slow down the rate of soybean harvest hindering corn 
production. Using the model to estimate the potential area that could be used to produce corn 
reveals that only 42 percent of the area could be harvested with the existing equipment to allow 
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timely planting of corn. This means that if farmers wish to pass this threshold, their machinery 
choices will need to change from being focused on soybean production to corn production. They 
will need to buy larger or more harvesting units.  
VII.c. What if there is an expansion of large scale commercialized farming in Africa? 
 In sub-Saharan Africa where the majority of the world’s untapped agricultural land lies 
there is an opportunity for expansion. Deininger  and Byerlee (2011), estimate that 2.4 million 
hectares of suitable agricultural land are readily available in sub-Saharan Africa. If ten percent of 
this land is brought into production in the next five years, with an average investment in 
machinery of $ 1000 /ha the market for agricultural machinery would be worth $ 240 million. If 
over the next 50 years ninety percent is brought into production the market would be worth over 
2 billion dollars. Of course these are just simple calculations based on assumptions but, they 
point towards very possible scenarios. The question would be is there likely to be a movement 
towards production similar to that of India, Brazil or Illinois. The likelihood is that there will be 
a mixture throughout the continent. In areas where the population is sparse, and land is readily 
available some governments are actively trying to recruit investors for large scale 
commercialized farming.  
For example an Indian company called Karaturi was recently offered  300,000 ha of 
virgin land in Ethiopia for a 50 year lease at only $ 12,740 per year (Kumar, 2008). If Karaturi 
buy equipment to farm one third of this land at the same cost as Brazilian farms ($ 400/ha) they 
would need to invest 40 million dollars in equipment alone. At this point they would be investing 
far more in equipment than the actual land itself!   This would put a huge demand on energy 
requirements in the region, and play a large role in the economy of a developing nation. 
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Chapter 6: CONCLUSION 
 
I. Summary 
 
The pressures facing the agribusiness sector to feed a growing population are 
tremendous. The mechanization of agriculture, the green revolution, and the establishment of 
large scale farming all show the potential for innovation and change in the agriculture sector. 
Increasing demand is forcing farms to become more efficient, pushing farmers to adapt and 
change their practices. These changes provide the motivation for this research which focuses on 
taking a closer look at mechanization. Changes in the global market have raised the question of 
the establishment and expansion of mechanized production. By using a model that can be 
implemented across regions, the results quantify the levels of mechanization in each region.  
Previous studies have focused on specific locations and measurements, for example 
Singh’s work in India or Gimenez and Milan’s work in Brazil. These studies provide the 
background and building blocks to create a broader analysis comparing regions. Without the 
work done by previous researchers, this analysis would not have been possible. The 
measurement of mega joules required per hectare builds upon Singh’s original kilowatts per 
hectare measurement. This study adds to the current literature by taking the analysis one step 
further and estimating the mega joules required per hectare. The method of creating 
representative farms has been used by authors such as Helfand and Levine in areas where data is 
not readily available. Taking a similar approach representative farms were set up to analyze the 
levels of mechanization in each region.  
Regions were selected based on their current and future role in the global market. Illinois 
represents the heartland of US farming, with the headquarters of John Deere and Case New 
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Holland located in Illinois, farmers in the state are among the most highly mechanized in the 
world. The Mato Grosso region in Brazil represents some of the largest farms in the world, 
where machinery is spread out over large areas. Contrasting the Brazilian experience is the small 
scale production in India, where equipment is on a much smaller scale compared to Illinois or 
Brazil. Starting by establishing the models validity in Illinois and then looking at the two ends of 
the spectrum in Brazil and India the value of the analysis is shown by quantifying and comparing 
each region. Introducing Zambia into the mix provides a way to look at the possible development 
of agriculture in Africa.  
Will the Brazilian or the Indian model work in Africa and what factors will determine the 
adoption of one model versus another? Looking at the existing commercial farms in Zambia 
allows the quantification of all four regions. Regions can then be compared using a common 
metric. By modeling the existing practices in each region a mechanization index was estimated 
with Illinois farms being the most highly mechanized with a value of 1, followed by Brazil 
(0.96), Zambia (0.78) and then India (0.65). The energy required per hectare was broken up 
between the machinery energy required (power and time) and the amount of fuel required. 
Average energy requirements are shown in tables 17 and 18. To produce soybeans the range was 
1485-2084 MJ/ha and for corn the range was 2168-2732 MJ/ha. In terms of the MJ/t requirement 
to produce each crop, corn required less energy to produce than soybeans. The average values for 
corn ranged from 185 – 683 MJ/t, and for soybeans the range was 416-1502 MJ/t. The value of 
quantifying these numbers becomes apparent when looking at potential future energy demands in 
each region.   
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II. Future Research 
 
 Future research can build upon this work to estimate the energy demands within regions. 
For example taking the average energy requirements per hectare from tables 17 and 18 the 
potential energy demand needed for an expansion of the cropped area can be analyzed. If Brazil 
increases the corn area production in Mato Grosso from the current 40 percent level of total 
soybean area to 80 percent, this would create a 2.6 percent increase in energy demand in the 
Brazilian agriculture sector. Currently the Brazilian agriculture sector uses 230 billion MJ of 
energy (International Energy Agency, IEA) a year and this expansion in corn production would 
require 6 billion MJ of energy. This would put an increased demand on the energy sector in 
Brazil. Possible ways to reduce this demand are in areas of transport where the opportunities to 
establish rail or barge networks exist. Any future research could look at the possible energy 
savings that could be achieved if there is a shift in transport method from truck to rail or barge.  
 This type of analysis could be used in the case of Zambia and India as well. Zambia and 
Sub Saharan Africa show potential for rapid growth in the amount of land under cultivation. 
Taking the energy requirements needed to produce a ton of soybeans and a ton of corn in Zambia 
from tables 17 and 18 the potential fuel demand needed to double production in Sub-Saharan 
Africa can be estimated. In order to double production of corn and soybeans at current energy 
use levels Sub-Saharan Africa will need another 930 kt (kilotons) of oil. Putting this number in 
perspective, the IEA estimates that the entire agriculture sector currently uses 5000 kt of oil. This 
means that in order to double corn and soybean production the energy demands of the agriculture 
sector will grow by 19 percent. If producers in Sub-Saharan Africa managed to achieve the same 
levels of efficiency as Illinois producers this number would drop to 300 kt of oil needed. This 
would mean that the energy demands coming from machinery use would only grow by 6 percent. 
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  Further research could build upon the analysis done in this thesis, to compare the 
potential future energy demands in each region. Taking the approach of using representative 
farms allows for a broad analysis of agriculture in each region, while the availability of data is a 
hurdle to further research. As companies such as John Deere, Case and AGCO move into the 
telematics area and focus on data collection, research into these issues could become more data 
driven. Using data that could be collected from equipment while performing field operations 
would provide a way to decrease the number of assumptions made in the model. In-field fuel 
consumption data, speed, power use and other measurements could be used to support the 
findings of the model.  
III. Concluding Remarks 
 
Creating a more efficient agriculture system is our only hope of achieving future food 
security. By studying agriculture in all its forms and by focusing on those that are most 
promising future food demands can be met. Mechanization in each region can converge to 
similar levels of efficiency but differences due to external issues will persist. Political, social 
and climatic differences mean that agricultural practices have to adapt to specific regions and 
locations. Machinery use in India and Zambia lags behind that of the US and Brazil, and 
there is the potential to increase the use of mechanization in both India and Zambia.  
This thesis uses Illinois as a base case and then applies the model across three other 
regions. The model is used as a standard measurement tool and each region is analyzed 
separately before combining the results at the end.  The results provide a way to show the 
variation between each region and where they currently are in terms of mechanization. On 
one side there are small-scale Indian producers that use smaller equipment on a contract 
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basis, and at the other end of the spectrum are large scale producers in Brazil farming 
thousands of hectares. Then we have Illinois where farms are fully mechanized and the 
agriculture sector is mature. Contrasting this is Zambia, where a small portion of the larger 
farms are mechanized, but the agricultural sector could still be characterized as youthful in 
terms of mechanization. Illinois represents a step ahead of Brazil and India, while Zambia is 
a step behind. The question that arises is how areas of Africa will develop, will they move 
towards production similar to India or Brazil?  
Energy required per hectare can  be used to look at the different possible scenarios in 
each region. By quantifying the energy use per hectare, and per ton of crop produced the 
regions can be compared with each other. Illinois and Brazil consume more energy per 
hectare than India and Zambia, but Illinois and Brazil use less energy per ton of crop 
produced. By focusing on improving yields and managing resources, agricultural 
productivity can be increased. The role of mechanization in feeding the growing population 
is crucial. As the global population head towards 10 billion people, the need to produce food 
efficiently has never been more critical.  By reflecting on the agricultural practices from 
around the world, small improvements can be made that could have a much larger effect in 
the future.  
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Appendix A: Model Procedure 
 
1) Input the area for each crop 
2) Input the expected yields of the crops 
3) Change the soil types to match the region 
4) Change the time available for each task 
a. Tillage 
b. Planting 
c. Harvest 
5) Change the equipment list to reflect equipment available in the region 
6)  Select a combine and ensure it can perform the desired work 
a. Machine 
b. Headers (size must match machine)  
c. Efficiency 
7) Select a planter and ensure it can cover the area cropped in time 
a. Tractor size 
b. Planter size and spacing 
c. Select the correct fuel coefficients  
d. Efficiencies 
8) Select the grain cart tractor to match the planter tractor 
a. Change the size of the grain cart 
b. Select the correct fuel coefficients  
9) Select tillage equipment to ensure the work is performed 
a. Tractor size 
b. Equipment size 
c. Number of passes 
d. Select the correct fuel coefficients 
e. Efficiencies 
10) Select the number of trucks for transporting the grain 
a. Change distance 
b. Change weight 
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Appendix B: Sample Calculations 
 
Tractor Implement Sizing 
 The example below shows the steps taken to calculate the horsepower needed to pull a 16 
row planter. First the draft force required to pull the planter through the soil was calculated using 
equations taken from ASABE D497.7 section 4.1.1. 
D = Fi [A + B(S) + C(S)
2
]WT         (8) 
D   = Implement draft, N (lbf) 
F    = Dimensionless soil texture adjustment parameter  
A,B and C  = Machine specific parameters  
S   = Field speed  
W   = The number of rows  
T   = The tillage depth, set to 1 (dimensionless) for planting 
 
For a 16 row planter, planting corn at 5.5 mph in Illinois the equation becomes: (taking values 
from Table 1 in ASABE D497.7) 
D = 0.96[350 + 0(5.5) + 0(5.5)
2
]16*1 = 5376 lbf 
The motion resistance of the tractor and the planter were then calculated using the ASABE 
standard equations taken from ASABE D497.7 section 4.2.4 and ASABE D497.6 section 3.2.1. 
    [(
 
  
      
    
√  
)             ]      (9) 
Where 
MR   = Motion resistance 
Bn  = Dimensionless ratio 
W  = The weight 
s   = The slip (decimal) assumed to be 0.1. 
α  = The slope (for this example assumed to be 4 %) 
 
For this example the motion resistance is calculated on slopes of 4 and 0 percent. The 
horsepower requirements of the tractor were calculated as follows. The draft can be converted 
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into PTO horsepower requirement using ASABE EP496.2 section 4.1.1.3 and the tractive 
efficiency. 
Four percent slope with planter full of seed: 
               [(
 
  
      
       
√  
)                       ] = 1979 lbf 
               [(
 
  
      
       
√  
)                       ] = 2491 lbf 
Total Draft = 5376 + 1979 + 2491 = 9847 lbf 
PTO HP = Draft*speed/(375*Tractive Efficiency) = 187 HP 
No slope with planter only half full of seed: 
               [(
 
  
      
       
√  
)                       ] = 1200 lbf 
               [(
 
  
      
       
√  
)                       ] = 1314 lbf 
Total Draft = 5376 + 1200 + 1347 = 7891 lbf 
PTO HP = Draft*speed/(375*Tractive Efficiency) = 150 HP 
The results show that a tractor with at least 187 HP is required. A Case Magnum 225 was 
selected which has a rated PTO horsepower of 195. On average only 150 HP, is being used but 
the extra horsepower is required for tough spots in the field.  
Fuel consumption Sample Calculation 
 
The Magnum 225 is in the Magnum 180-225 series, so the example below shows the steps taken 
to calculate the regression coefficients for the fuel consumption equation for this series. The first step was 
to gather the NTTL reports for the Magnum 180, 190 and 225. Using the data from these reports the fuel 
use was calculated at specific points in the engine cycle. The data and fuel use numbers are shown for 
each tractor in table 19.  
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Table 19: NTTL Parameters are used to calculate fuel consumption 
 
The next step was to use an equation estimated by Grisso et al. (2010), to calculate the specific fuel 
consumption for each individual tractor.  
Q = (aX + b)[1-(N-1)(cX – d)]*Hppto        (10) 
Where : 
 
NTTL parameters are used to calculate the fuel consumption      
NTTL test 
parameters 
Units Input From NTTL test reports 
  
  
Calculated 
Values 
Units Tractor 
Type  
    
    Magnum 225 
T4 
Magnum 190 
IT4 
Magnum 
180 T4 
    Magnum 
225 T4 
Magnum 
190 IT4 
Magnum 
180 T4 
Rated PTO power Hp 204.77 189.9 173.54         
Max Drawbar 
Power 
Hp 171.98 165.67 151.22         
Rated RPM RPM 2200 2099 2099 Fuel Use 
Q75F 
gal/hr 10.7401 8.1793 7.7348 
RPM at Max 
Torque 
RPM 1450 1450 1450 Fuel Use 
Q50F 
gal/hr 8.6116 6.4004 6.0376 
       Fuel Use 
Q75R 
gal/hr 9.1408 7.3966 6.8830 
RPM @ 75% Load 
Full Throttle 
RPM 2241 2125 2124 Fuel Use 
Q50R 
gal/hr 6.8662 5.4656 5.1080 
Power @ 75% 
Load Full Throttle 
Hp 130.6 127.68 115.79 X75F  0.7593 0.7706 0.7657 
SFC @ 75% Load 
Full Throttle 
Hp.hr/gal 12.16 15.61 14.97 X50F  0.5157 0.5238 0.5202 
       X75R  0.7584 0.7688 0.7669 
RPM 50 % Load 
Full Throttle 
RPM 2265 2149 2148 X50R  0.5162 0.5229 0.5188 
Power @ 50% 
Load Full Throttle 
Hp 88.7 86.79 78.67 a gal/Hp-h 0.0426 0.0379 0.0398 
SFC @ 50% Load 
Full Throttle 
Hp.hr/gal 10.3 13.56 13.03 b gal/Hp-h 0.0200 0.0138 0.0140 
       c  0.6987 0.7147 0.4996 
RPM 75% Load 
Reduced Throttle 
RPM 1522 1494 1507 d  0.9915 0.8657 0.7666 
Power @ 75% 
Load Reduced 
Throttle 
Hp 130.44 127.37 115.98 e  0.1478 0.0934 0.1115 
SFC @ 75% Load 
Reduced Throttle 
Hp.hr/gal 14.27 17.22 16.85 f  0.2034 0.1444 0.1516 
       g  0.3208 0.2969 0.2904 
RPM 50% Load 
Reduced Throttle 
RPM 1535 1517 1505 h  0.3222 0.2940 0.2993 
Power @ 50% 
Load Reduced 
Throttle 
Hp 88.78 86.63 78.46         
SFC @ 50% Load 
Reduced Throttle 
Hp.hr/gal 12.93 15.85 15.36           
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 X  = Hp/Hppto 
 N  = RPMr/RPMf 
 Hp  = Equivalent PTO power required by current operation. 
HPpto  = Rated PTP power available. 
RPMr = Reduced engine speed. 
RPMf  = Full-throttle engine speed.  
a,b,c and d were determined from the Nebraska test data (shown in table 19). 
 
Grisso et al. (2010) equation was then used to generate fuel consumption numbers for each tractor over 
the range:  
Horsepower: from 50% of max rated HP to 100 % at 5 % intervals. 
RPM: 1500 – 2100 at 1 % intervals. 
(An example is shown in table 20) 
 
Table 20: Generating the fuel consumption numbers 
 
Tractor N X Q gal/hr RPM HP 
Magnum 225 0.7 0.5 7.51 1470 112.5 
Magnum 225 0.71 0.5 7.57 1491 112.5 
 0.01 intervals 0.05 intervals    
Magnum 225 0.99 1 14.06 2079 225 
Magnum 225 1 1 14.11 2100 225 
Magnum 190 0.7 0.5 5.28 1470 95 
Magnum 190 0.71 0.5 5.31 1491 95 
 0.01 intervals 0.05 intervals    
Magnum 190 0.99 1 9.82 2079 190 
Magnum 190 1 1 9.83 2100 190 
Magnum 180 0.7 0.5 5.16 1470 90 
Magnum 180 0.71 0.5 5.20 1491 90 
 0.01 intervals 0.05 intervals    
Magnum 180 0.99 1 9.67 2079 180 
Magnum 180 1 1 9.70 2100 180 
 
The regression was run on the fuel consumption data to give a set of coefficients that could be used to 
predict fuel consumption. From the implement sizing portion the average horsepower required was 
calculated. The fuel consumption values were then calculated based on the results of the regression. 
For the Case Magnum 225 planting with a 16 row planter the fuel consumption was: 
 74 
 
                 (
   
  
)    (
     
     
)    (
    
    
)                          
                       (
   
   
)       (
    
    
)                               
      = 8.84 gal/hr  
 
 
 
 
  
 75 
 
Appendix C: Climate Data 
 
 
 
Figure 12: Historical weather patterns in Illinois 
 
Figure 13: Average monthly temperatures in Illinois 
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Figure 14: Historical weather patterns in Mato Grosso 
 
 
Figure 15: Average monthly temperature in Mato Grosso 
 
 
0
2
4
6
8
10
12
14
0
50
100
150
200
250
300
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
P
re
ci
p
it
at
io
n
 (
m
m
) 
 Mato Grosso, Brazil 
Precipitation
Days with
Rainfall
0
5
10
15
20
25
30
35
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Te
m
p
e
ra
tu
re
 (
C
) 
Brazil Average Monthly Temperatures 
High
Low
 77 
 
 
 
 
Figure 16: Historical weather patterns in Madhya Pradesh, India 
 
 
Figure 17: Average monthly temperature in Madhya Pradesh India 
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Figure 18: Historical weather patterns in Zambia 
 
 
Figure 19: Average monthly temperatures in Zambia  
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Appendix D: Farm Characteristics 
 
Table 21: Farm characteristics in Illinois 
 
 
 
 
                                                          
4
 The value of the combines includes the cost of headers, and the value for tractors includes the cost of grain carts 
and planters 
Illinois  Farm 1 Farm 2 Farm 3 Farm 4 
      
Farm size Hectares 250 500 1000 2000 
 Acres 617.5 1235 2470 4940 
      
Planters  1 1 1 2 
  CIH 1210 mh 6r30 CIH 1210 mh 8r30 CIH 1240 mh 16r30 CIH 1240 mh 16r30 
      
Headers      
   Soybean  CIH MD 3020f-20 CIH MD 3020f-20 CIH MD 3020f-25 CIH MD 3020f-25 
   Corn  CIH 3408 CIH 3408 CIH 3408 CIH 3408 
      
Combine  1 1 1 2 
  CIH AF 5088 CIH AF 5088 CIH AF 7088 CIH AF 7088 
      
  1 1 1 2 
Tractors  Puma 160 CVT Puma 130 CVT Puma 185 CVT CIH Mg 180 cvt 
      
  1 1 1 2 
Grain Cart  blank Kinze 840 Kinze 1040 Kinze 1040 
      
Tillage  1 1 1 1 
  Puma 160 CVT CIH Mg 260 CIH Mg 315 CIH Mg 340 
      
Combines4  $368,145 $368,145 $421,555 $843,110 
Tillage  $79,300 $316,770 $403,600 $464,380 
Tractors   $166,290 $193,525 $319,485 $676,480 
Trucks  $43,000 $43,000 $86,000 $86,000 
    Total  $656,735 $921,440 $1,230,640 $2,069,970 
($/ha)  $  2,627 $ 1,843 $ 1,231 $ 1,035 
 80 
 
 
 
Table 22: Farm characteristics in Brazil 
 
 
 
 
                                                          
5
 The value of the combines includes the cost of headers, and the value for tractors includes the cost of grain carts 
and planters 
Brazil, MT  Farm 1 Farm 2 Farm 3 Farm 4 
      
Farm size Hectares 1000 2000 5000 10000 
 Acres 2470 4940 12350 24700 
      
Planters  1 2 3 6 
  JD 1111 11r45cm JD 1111 11r45cm CIH 1217 17r45cm CIH 1219 19r45cm 
      
Headers      
   Soybean CIH MD 3020f-20 CIH MD 3020f-20 CIH MD 3020f-30 CIH MD 3020f-30 
   Corn  JD 606C JD 606C JD 610C JD 610C 
      
Combine  1 2 2 4 
  JD 1175 JD 1570 CIH AF 7120 CIH AF 7120 
      
  1 2 3 6 
Tractors  Maxxum 110 Maxxum 110 Puma 225 Puma 225 
      
  1 1 1 1 
Grain Cart blank blank blank blank 
      
Tillage  1 1 1 3 
  Maxxum 150 Maxxum 150 CIH Mg 315 Puma 225 
      
Combines5 $266,335 $635,970 $938,205 $1,876,409 
Tillage  $175,500 $175,500 $403,600 $237,900 
Tractors $152,411 $304,822 $751,605 $1,549,560 
Trucks  $43,000 $86,000 $129,000 $215,000 
    Total  $637,246 $1,202,292 $2,222,410 $3,878,869 
($/ha)  $ 637 $ 601 $ 444 $ 388 
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Table 23: Farm characteristics in Zambia 
 
Zambia  Farm 1 Farm 2 Farm 3 Farm 4 
      
Farm size Hectares 100 250 500 1000 
 Acres 247 617.5 1235 2470 
Planters  1 1 1 1 
  1760 6r30 1760 6r30 1760 6r30 1760 8r30 
  Contract harvesting   
Headers  CIH MD 3020f-15 CIH MD 3020f-25   
   Soybean CIH 3406 CIH 3408 CIH MD 3020f-15* CIH MD 3020f-15* 
   Corn  1 1 CIH 3406 CIH 3406 
  JD 1175 CIH AF 2799   
Combine  (1000 ha corn) (1500 ha corn) 1 1 
  (1000 ha soybeans) (1500 ha soybeans) JD 1175 JD 1175 
      
  1 1 1 1 
Tractors  JX Platform 95 JX Platform 95 JX Platform 80 Maxxum 110 
      
  1 1 1 1 
Grain Cart blank blank blank blank 
      
Tillage  1 1 1 1 
  JX Platform 95 JX Platform 95 Maxxum 130 Maxxum 130 
      
Combines6 $258,775 $258,775 $258,775 $258,775 
Tillage  $58,700 $58,700 $171,334 $171,334 
Tractors  $98,625 $98,625 $91,425 $168,381 
Trucks  $43,000 $43,000 $43,000 $86,000 
    Total  $459,100 $459,100 $564,534 $684,490 
($/ha)  $ 4,591 $ 1,836 $ 1,129 $ 684 
 
 
 
 
 
                                                          
6
 The value of the combines includes the cost of headers, and the value for tractors includes the cost of grain carts 
and planters 
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Table 24: Farm characteristics in India 
 
India  Farm 1 Farm 2 Farm 3 Farm 4 
      
Farm size Hectares 1 5 25 50 
 Acres 2.47 12.35 61.75 123.5 
      
Planters  1 1 1 1 
  JD 1750 4r30 1760 6r30 1760 6r30 1760 8r30 
      
Headers      
   Soybean  CIH MD 3020f-10* CIH MD 3020f-10* CIH MD 3020f-10* CIH MD 3020f-10* 
   Corn  CIH 3404* CIH 3404* CIH 3404* CIH 3404* 
      
Combine  1 1 1 1 
  JD 4039 (Walker) JD 4039 (Walker) JD 4039 (Walker) JD 4039 (Walker) 
      
  1 1 1 1 
Tractors  JD 5045 D JD 5060 E JD 5075 E JX Platform 95 
      
Tillage  1 1 1 1 
  JD 5045 D JD 5060 E JD 5075 E JX Platform 95 
      
Combines7  $154,500 $154,500 $154,500 $154,500 
Tillage  $29,600 $36,000 $47,300 $58,700 
Tractors   $64,500 $92,625 $100,125 $119,200 
Trucks  $25,000 $25,000 $25,000 $25,000 
    Total  $273,600 $308,125 $326,925 $357,400 
($/ha)  $  273,600 $  61,625 $ 13,077 $  7,148 
 
 
 
 
 
 
                                                          
7
 The value of the combines includes the cost of headers, and the value for tractors includes the cost of grain carts 
and planters 
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Appendix E: Energy Requirements and Efficiencies 
 
Table 25: Energy for corn production by region and farm size 
Corn       
  Area Cropped 
(ha) 
Total 
Fuel 
MJ/ha 
Machine energy 
MJ/ha 
Total Required Energy 
MJ/ha 
Total Available machine 
energy MJ/ha 
Farm 1 Zambia 25 1317 1033 2350 8016* 
Farm 2 Zambia 62.5 1309 1039 2349 3689 
Farm 3 Zambia 125 1298 1101 2399 3701 
Farm 4 Zambia 250 1279 1072 2351 2576 
       
Farm 1 Illinois 125 1295 822 2117 2923 
Farm 2 Illinois 250 1359 817 2176 2082 
Farm 3 Illinois 500 1351 824 2174 1416 
Farm 4 Illinois 1000 1263 823 2086 1166 
       
Farm 1 Brazil 400 1555 1088 2643 2713 
Farm 2 Brazil 800 1639 1125 2764 2294 
Farm 3 Brazil 2400 1587 1129 2716 1913 
Farm 4 Brazil 4000 1603 1180 2783 1985 
* In cases where contract operators are used the available energy is overestimated 
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Table 26: Energy for soybean production by region and farm size 
Soybeans  Area 
Cropped 
(ha) 
Total Fuel 
MJ/ha 
Machine 
energy MJ/ha 
Total Required 
Energy MJ/ha 
Total Available machine 
energy MJ/ha 
Farm 1 India 1 952 456 1408 1029 
Farm 2 India 5 1008 446 1454 1008 
Farm 3 India 25 1016 451 1467 1018 
Farm 4 India 50 995 431 1426 509 
       
Farm 1 Zambia 75 1038 580 1618 3504 
Farm 2 Zambia 187.5 1031 587 1618 1656 
Farm 3 Zambia 375 1017 572 1589 1115 
Farm 4 Zambia 750 1017 559 1577 833 
       
Farm 1 Illinois 125 1052 571 1624 2376 
Farm 2 Illinois 250 1119 575 1694 1651 
Farm 3 Illinois 500 1088 573 1662 1036 
Farm 4 Illinois 1000 1003 572 1576 749 
       
Farm 1 Brazil 1000 997 658 1655 1398 
Farm 2 Brazil 2000 997 658 1655 1398 
Farm 3 Brazil 5000 1009 670 1680 1251 
Farm 4 Brazil 10000 997 668 1665 876 
 
Table 27: Efficiencies for corn production 
Corn  Cropped Area (ha) Efficiency of Machinery use Power 
Efficiency 
Time Efficiency 
Farm 1 Zambia 75 0.06* 0.67 0.29 
Farm 2 Zambia 187.5 0.14* 0.67 0.35 
Farm 3 Zambia 375 0.20 0.82 0.44 
Farm 4 Zambia 750 0.29 0.80 0.51 
      
Farm 1 Illinois 125 0.28 0.73 0.51 
Farm 2 Illinois 250 0.39 0.75 0.71 
Farm 3 Illinois 500 0.58 0.82 0.80 
Farm 4 Illinois 1000 0.71 0.85 0.87 
      
Farm 1 Brazil 1000 0.40 0.80 0.52 
Farm 2 Brazil 2000 0.49 0.80 0.58 
Farm 3 Brazil 5000 0.59 0.80 0.67 
Farm 4 Brazil 10000 0.59 0.77 0.70 
* The smaller farms in Zambia engage contract harvesters which means the efficiencies are not as low as shown here 
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Table 28: Efficiencies for soybean production 
Soybeans      
  Cropped Area (ha) Efficiency of Machinery use Power Efficiency Time Efficiency 
Farm 1 India 1* 0.44 0.75 0.60 
Farm 2 India 5* 0.44 0.75 0.60 
Farm 3 India 25* 0.44 0.75 0.60 
Farm 4 India 50* 0.85 0.75 0.99 
      
Farm 1 Zambia 75 0.16 0.69 0.32 
Farm 2 Zambia 187.5 0.33 0.69 0.43 
Farm 3 Zambia 375 0.64 0.81 0.69 
Farm 4 Zambia 750 0.75 0.79 0.71 
      
Farm 1 Illinois 125 0.24 0.75 0.53 
Farm 2 Illinois 250 0.35 0.75 0.75 
Farm 3 Illinois 500 0.55 0.80 0.85 
Farm 4 Illinois 1000 0.76 0.83 0.91 
      
Farm 1 Brazil 1000 0.47 0.77 0.93 
Farm 2 Brazil 2000 0.47 0.81 0.87 
Farm 3 Brazil 5000 0.54 0.80 0.99 
Farm 4 Brazil 10000 0.76 0.82 0.99 
* In some areas the equipment is contracted out over a larger area, which means the efficiencies vary between contract 
operators and owner-operators 
 
 
